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ABSTRACT

A deep-hole array of six short-period seismometers was tested at the test
site near Grapevine, Texas (GV-TX). After a brief period of successful
op-~ration, half the array was moved to the site near Apache, Cklahoma
(AP-OK), and the other half was moved to the site near Franklin, West
Virginia (FN-WV)., Various techniques were employed to process the output
of these arrays. The deep-hole test site (GV-TX) was maintained for testing
applications requiring the use of a deep hole, including testing the triaxial
seismometer and testing to determine if a useful long-period response could
be obtained from the Model 11167 deep-hole seismometer. The results
indicated it would require a complex and unstable systen: to provide a long-
period response.

During the 29-month duration of this program, measurements were mace
in deep holes in West Virginia, Texas, Utah, Oklahoina, and Pennsylvania.
Additionally, an off-shore measurement prcgram was undertaken.

The information from wells and surface arrays was used to study short-period
(6.0-0.3 sec period) noise and signals. An attempt was made to show that
higher mode Rayleigh waves and body waves are present in the noise by com-
paring theoretical curves with experimental results. It was shown that
surface waves generally predominate at the longer periods while body waves
appear at the shorter periods at quiet sites. Not all data could be interpreted
to define the wave types present. The short-period signals were analyzed
both vijually and digitally. Signal amplitudes at the surface were shown to

be at .east twice as large as at depth. The impulse response of layered
media was used to compute inverse filters which changed the waveform
characteristics of the deep-hole signals into those of the surface signals.
Some preliminary work was done with the horizontal data obtained from the
triaxial seismographs.

A complete system, composed of four triaxial seismometers, a digital
processor, and associated equipment, was installed and operated at AP-OK.
Data obtained from this array were processed using optimum f{iltering
techniques. These techniques required the use of the inverse filters mentioned
above and filters derived from the Wiener least mean-square technique. Both
single-channel and multichannel processes were employed; however, the
results obtained to date indicated that a one-sided single-channel optimum
filter was the most effective processor.
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FINAL REPORT, PROJECT VT/5051
DEEP-WELL RESEARCH

1. INTRODUCTION

This report discusses a project of research in deep-hole seismology. The
work reported herein covers systems engineering and subsequent assembly,
test, and operation of a six-element vertical array of seismomete rs; mainte-
nance and operation of .he Grapevine test site; measurement of signals and
noise in shallow and deep wells; operation of a seismometer on the ocean
bottom; specification of an on-line array signal processor, its installation

in a recording van and its subsequent operation; assembly and operation of
an array of triaxial short-period seismorneters; and the analysis of signals
and noise.

The purpose of this report is to present the technical findings and accomplish-
ments of the project from 16 July 1964 through 31 December 1966. It is
submitted in rompliance with paragraph 2, Reports, of the Statement of Work
to be Done, Project VT /5051. The project was under the technical direction
of the Air Force Technical Applications Center (AFTAC) and under the over-
all direction of the Advanced Research Projects Agency (ARPA),

The main body of the report is generally presented in the same sequencc
as the tasks in the Statement of Work. A copy of the Statement of Work
and subsequent additions are included as appendix 1. A list of reports
submitted durin; ‘Le performance of the contract is given in table 1.

2. SYSTEMS ENCINEERING, SIX-ELEMENT ARRAY, TASK la

A deep ‘hole array of short-period seismometers was designed, constructed,
and tested. A special report describing the array was submitted. A copy
of the report (Technical Report 65-3) is included as appendix 4 to this report,

Subsequent to the date of the report, the array was routinely operated at the
test site near Grapevine, Texas (GV-TX). Figure 1 shows an event recorded.
After a brief period of operation, half the array was moved to the test site
near Apache, Oklahoma (AP- OK) and the other half was moved to the site near
Franklin, West Virginia (FN-WV). Figures 2 and 3 show events recorded at
these sites. An additional seismometer was operated in the deep well and
another was operated in the shallow well at both of these sites, in addition

to a surface Benioff seismometer. The result of this was to provide two
arrays, each comprised of five deep-well systems.

TR 67-3
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Figures 1, 2, and 3 clearly show the "'step-out' of the signals as they travel
up the well. In order to subiract the step-out and add the signals, a special
recording head was constructed for use with the Ampex tape recorders used
in the field. Figure 4 shows this unit. Figure 5 shows a summation module
designed for the system. Our intention was to operate a system as shown in
fignre 6. The adjustable head was used at the AP-OK site, but the summed
output was not obtained because the necessary playback amplifiers for the
tape recorder were not available. Figure 7 shows a reproduction of an event
made at our Garland laboratory and illustrates the results that we would have
obtained in the field.

3. MAINTAIN TEST SITE, TASK 1b

The deep-hole test site (GV-TX) was maintained as a facility for evaluating
new instruments, techniques, handling methods, and other applications
requiring the use of A deep hole. The principle use of the site was for the
development of the six-element array. Additionally, it was used to test
the triaxial seismometer (described in section 6) and for tests to determine
if a useful long-period response could be obtained using the Model 11167
deep-hole seismometer.

The deep-hole long-period system designed and operated under this task
consisted of a deep-hole short-period seismometer, suitable long-period
filters 1o shape the response, amplifiers, and normal calibration and
recording provisions. The best performance of the system was obtained using
a deep-hole seismometer that was specially constructed to eliminate, as far
as possible, all sources of thermal-electromotive potentials,

Based upon earlier work, the long cable required in a deep-hole seismograph
was thought to be the major source of long-period noise. However, it was
found that with extreme care and attention to all electrical connections, an
ordinary deep-hole system would perform rcasonably well at long periods.
The block diagram and response curve of such a system are shown in figure 8.

An event recorded by the system diagramed i: figure 8 is shown in figure 9.
Some long-term drift occurred although it is not evidert in this example.
This very long-period drift was never completely eliminated. The seis-
mometer was at 152 m in the shallow hole at GV-TX. A comparison of this
drift with a microbarograph did not yield significant correlation.

Some work was done in an attempt to obtain both a long-period and a short-
period response from one seismometer. The results, though inconclusive,
indicated that such a dual system would be too complex and unstable for
routine field operation. Also, because of the extreme care necessary to

6=
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(a) Magnetic head stack

(b) Assembly for Ampex 300 recorder

Figure 4. Adjustable delay tape head ¢ 212

e
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Figure 5. Summing Control Module, Model 22900

G 2213
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achieve satisfactory results, even the long-period response of the short
period system is of q iestionable usefulness.

4, MEASURE SIGNALS AND NOISE IN SHALLOW
AND DEEP HOLES, TASK lc

During the 29-month duration of this program, measurements were made

in deep holes in West Virginia, Texas, Utah, Oklahoma, and Pennsylvania.
An off-shore measurement program was also undertaken. The results of
routine measurements at two holes were reported in site reports: Technical
Report (TR) 65-104 discussed the measurement program at the University
of Texas "EE" No. 1, and TR 65-105 discussed the measurement program
at the Long No. 1, Centre County, Pennsylvania.

Appendix 2 of this report discusses the off-shore measurement program.
The mez surement work at the Uinta Basin Seismological Observatory in
Utah was done in cooperation with Project VT /1124 and the data were
recorded using observatory equipment. Two deep-hole seismometers were
operated in the hole.

An experiment was conducted in the shallow hole at the Wichita Mountains
Seismological Observatory (WMSO) to obtain vertical strain measurements
by subtracting the outputs of two matched deep-hole seismographs. This
system is referred to as the 'inertial strain' seismograph n this report.
During the time that the inertial strain seismograph was ope rated at WMSO,
the vertical strain seismograph was not in operation. Only the output of

the crossed-horizonta! strain seismographs was available. In theory, at

.he free surface the responses of the crossed horizontals and the vertical
strain seismograph are identical. However, the vertical strain seismograph
consists of a rod of finite length which measures the difference in displace-
ment between two points. Under these conditions, a vertically incident

P wave will be recorded by the vertical strain seismograph but not by the
crossed-horizontal strain seismographs. Therefore, in practice, the outputs
of the two types of instruments will not be identical.

The amplitude and phase responses of the two shallow-hole seismog raphs of
the inertiai strain (located at depths of 18 m and 37 m) were matched as
closely as possible. A comparison between the inertial strain seismograph
(obtained by subtraction) and the crossed-horizontal seismographs indicated
that the two are quite similar for the first few cycles of an event: after the
first few cycles, the differences become considerable. This behavior would
be experted considering that the two types of instruments are measuring
similar but not identical phenomena.
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The inertial strain seismograph recorded P waves and noise approximately
as predicted by theory. However, without a vertical strain snrismograph for
comparison, the extent of the differences and discrepancies could not be
determined.

As mentioned in section 2, vertical arrays were operated at a site in
Oklahoma and at a site in West Virginia. At West Virginia (FN WV) a high
frequency response was operated part of the time in order to give a displace-
ment response peaked at about 12 cps. Figure 10 shows a block diagram and
the response of the system that was operated. Figure 11 shows a seismogram
of an event recorded at GVTX during tests of the system. The data recorded
with the high frequency systems were not used in the analysis work of this
project.

5. ANALYZE DATA, PERFORM DETAILED ANALYSES, TASK 1d

5.1 SHORT-PERICD SEISMIC NOISE

5.1.1 Introduction

Previous studies of short-period seismic noise have often assumed that only
surface waves were present in short-period noise. However, the experimental
results obtained to date cannot, in general, be explained in this fashion. The
presence of random body-wave noise must also be taken into consideration.
Recently, several reports have been published (Roden, 1965, Seriff, et al,
1965) in which the problem or body waves in the noise is discussed.

Seismometers placed at depth below the surface allow exarnination of the
amplitude-depth reiationships of the waves. If only surface waves, funda-
:nental and higher modes, are present in the noise, the amplitude-depth
relationships provide definite identification of the modes present. It is only
necessary that the number of seismometers operating at depth be equal to
the number of modes present (further explained under deep-hole theory).
When body waves are present in the noise, the identification of wave types
is no longer as simiple, because ail the possible angles of incidence of the
rancdom body waves must be taken into account.

In general, the ampliwude-depth relationships obtained from deep-hole
seismographs are not sufficient to differentiate between body waves and
surface waves. As an example, the amplitude-depth relationships of the
vertical componert of the first higher mode and of P waves at close to vertical
incidence are very similar for periods around 3.0 sec. Therefore, additional
information must be obtaineu to differentiate between the possibilities. In this
report, the information was obtained by measuring phase velocities at the
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Wichita Mountains Seismological Obse rvatory. In addition, the cross-
correlation of surface and deep -hole noise was used to prove the presence

of body-wave noise. Using all these data, a reasonably comprehensive
understanding of the types of waves present was obtained. The results could
only be interpreted qualitatively and not quantitatively. Despite the large
amount cf data available, the types of waves preseat could not always be
identified. A possible explanation of the experirne~ta! results is given, while
sufficient data are presented so that the reader can draw his own conclusion.,

The results described were obtained with a deep-hole ve rtical-motion
seismometer developed under Project VT/1139. The seismograph system

has an amplitude and phase response similar to the short-period vertical
Benioff seismograph (Benioff, 1932). The only surface waves considered

are Rayleigh waves since all me:surements were made with vertical seis-
mometers. The period range discussed extends from the 6.0 sec microseisms
to noise of 0.3 sec period.

The theoretical Rayleigh wave group velocities, phase velocities, and
amplitude-depth relationships were obtained from the Seismic Data Labo ratory
in Alexandria, Virginia. Data from both deep-hole arrays and surface arrays
were used in this study,

A brief desc.ription of the sites is given in table 2. A complete description of
the sites can be found elsewhere (Geotechnical Corporation, 1964).

The following sites are of particular interest: (a) Fort Stockton, Texas,
(FO-TX), because of the great depth (5790 m) of the deep hole; (b) Eureka,
Nevada (EK-NV), because of the ve ry low noise level; (¢c) Apache, Oklahoma
(AP-CK) because the velocity section is a close approximation of a half space
and because it is close (20 km) to the Wichita Mountains Seismological
Observatory (WMSO) where phase velocities were measured. The site at
Apache was of additional interest because the noise gpectrum was similar

to that at WMSO. Therefore, both the phase velocities and amplitude-depth
relationship can be used.

It must be noted that all the information presented was obtained from sites
at some distance from the coast. Sites c’ose to the coast typically exhibit
large amp.itudes at periods =round 1.0 sec (Douze, 1964). There are not
sufficient expe rimental results available to determine the waves responsible,

5.1.2 Theory

This section derives the theory necessary to interpret the experimental
results, The theory for both body waves and Rayleigh waves will be
presented. For the deep-hole measurements, the amplitude-depth relation-
ships need to be considered, while for the surface array measurements, the
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phase velocities are of interest. In both cases, the phase angles and
coherences yieid valuable information.

The main tool in the interpretation are the spectra and cross spectra of the
noise detected by different seismometers placed in either a horizontal or
vertical plane. Therefore, the theory will be concerned with the results
obtained by spectral analysis techniques. The theory of the behavior of body
waves in the deep hole and across surface arrays is, in general, confined

to the results that wcula be obtained in a half space. For the case ora
layered media, the amplitude-depth relationships for P waves at vertical
incidence has been solved (Gupta, 1965). The -eason for not extending the
theory to the layered case is that the convenient matrix method does not
appear to be applicable when each term is an integral, as in the case when
spectra are considered. In the casz of fundamental and higher moac Rayleigh
waves recorded by the deep-hole seismometer, the azimuth of approach is
not important because the amplitude-depth relationships are the vaiues
measured. However, in the case of body waves, the angle of incidence must
be considered.

First, the theoretical amplitude-depth relationships that will be obtained from
a mixture of Rayleigh modes are discussed. TlLen, the theory of body-wave
noise at random angles of incidence is discussed in relation to the results that
would be obtained {rom deep-hole measurements. The assumption of no P- to
S-wave conversion at the free surface is made to show the mathematical
procedure followed; the solution can, in this case, be obtained in closed

form. Then, the formulas (not in closed form) that in:lude P- to S-wave
conveision at the free surface are derived. Next shovwn are the results that
would be obtained in the deep hole if a mixture of Rayleigh waves were present.

The results obtained from cross spectra of the vertical seismometers of a
surface array ar: discussed for the case of surface waves and body waves.

5.1.2.1 Rayleigh waves

The theory of higher Rayleigh mod2s has been extensively discussed in the
literature (Ewing, et al., 1957), and the presence of higher Rayleigh modes
in earthquake surface waves has been established (Oliver and Ewing, 1958).
It has been previously suggested that Rayleigh waves, both fundamentai and
higher modes, arc responsible for seismic noise (Gutenberg, 1958).

The data used in calculating the theoretical change in amplitude with depth of
the different Rayleigh modes were obtained as follows. The compressional-
wave velccities were obtained from sonic logs; the shear-wave velocities
were calculated from the compressional-wave velociries by assuming an
appropriate Poisson's ratio (usually around 0.27); and densities were used
appropriate to the lithologies encountered in the hole.

-19-
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No attempt was made to model the whole crust, but the velocities were
increased with depth (on the model of an average crust) sufficiently o obtair
the higher modes in the desired period ranges.

The oscillatory nature of the higher mcde group velocities in a basic property
of even simple structures, but is azcentuated when a low-velocity channel,
such as a sedimentary section, is present. Tle maxima and niinima ot the
group velocity curves are of interest, because they produce large amplitude
arrivals from earthquakes and may be associated with peaks in the noise
spectra (Gutenberg, 1958).

An example of the results obtained for the change with depth ~. the displace-
ments of the different Rayleigh modes (at FO-TX) is shown in figure 12. The
fundamental mode displacement decreases monotonically with depth with only
slight infiections at discontinuities. Large displacements are present at
depth when a lobe of a higher mode occurs in a low-velocity zone which traps
a large percentage of the total energy of the wave. Low-velocity zones are
present at all the holes studied. At all the sites, except AP-OK, the low-
velocity zone is caused by th:: sediments, and at AP-OK, by the volcanics
below the high-velocity limestone.

5.1.2.2 Deep-Hole Theory

If the noise is assumed to consist of a mixture of uncorrelated Rayleigh
modes the results of spectral analyses can be explained in the following
manner. Subscript 1 wiil refer to the surface and subscript 2 to the deep
hole.

N
X1 =2 Xyt

n=1

where N is the number of Rayleigh modes present in the noise. The spectrum
is obtained by first autocorrelating and then taking the Fourier transform of
the autocorrelation. The result is
N
“’11(‘”)= Z v (w) (1)

n=1

The spectrum of the noise recorded by the deep-hole seismograph is related
to the surface noise by a transfer function Hpy(w) exp (i8,),

N
0000 = X [Ha(w)]? oq() (2)

n=1
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The transfer runction is the theoretical change of the displacements of the
Rayleigh modes with depth. According to theory, the angle 6 is always 0 or
180 deg (see figure 12); therefore, the absolute value signs are not strictly
necessary in the equation.

The cross specirum between a surface and a deep-hcle noise sample is
given by

N . 5
©)z () = Y, Hy(w)e "op(w):
nzl (3)

Equation 3 indicates that the cross spectrum will be a eal quantity if only
Rayleigh waves are present because the angle 6, is ¢i‘..2r 0 or 180 deg. A
negative cross spectrum indicates that the "power' in the Rayleigh modes,
180 deg out-of-phase at depth, is larger than the power of the Rayleigh modes
in phase at depth. The coherence is defined as

Coh = .]EJ.ZJZ_ g

®11 922

The equations indicate that the :oherence is unity at all depths if only one
Rayleigh mode is present, and will always be less than unity for a mixtire
of modes. The coherence will be zero when equal amounts of power are in
phase and 180 deg out-of-phase.

The behavior of seismic noise in the frequency range Letween 0.5 and 5.0 cps
as a function of depth suggests the possibility of body-wave noise at random
angles of incidence. First, the equations for body waves at random angles
of incidence are solved under some¢what restrictive assumptions that allow a
solution in closed form to be obtained. The more general solution can : nly
be solved by numerical integration.

The following assumptions are made:

a, P-wave noise arriving independently from all angles of incidence
with ecual energy content:

b. No conversion from P to S waves at the free surface;

c. An isotropic, homegeneous half space,

The equations are derived for the noise as it would be detected by a vertical-
motion eeismograph. The solutions are derived in some detail to indicate
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the methods used. The particle displacement at the surface is taken to be

where 0is the angle of incidence measured from the vertical., The auto-
correlation of each independent time series f, (t) is denoted by 1w (7).

The autocorrelation of Xl(t) then becomes

N
1 5:: 2
W“ (T) = F Wn(T) CcOSs en.
=1

By taking the Fcurier transform, the power spectrum is obtained

N
CD“(w) = ';l\]— an (w) cos? en
n::1l

Now let N = =, the power spectrum of the surface noise becomes
m/2 :
! 1 2 . _o(w
m<“’>=‘n—f°°s i (4)
-m/2

The spectrum of the noise at any dej *h is obtained as follows:

N
X, (t) = Z {[—21— £, (t --% cos Gn)] +[;— f, +—201-— cos an)]}cos On
n=1

where _g‘. 13 the vertical uphole time.

Going through the same procedure as for the surface we obtain the spectrum
at depth

n/2

mzz(w)ﬂD(W) 2—1TT / {cosZ 6 + cos (wa cos 6) cos® e}de
-n/2
2 ; 1 Jo(aw) _ Jj(aw)
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Note that the expression in brackets approaches % as W =0 because

J; (aw
-JQ—(w—) = 0.5. The ratio of the deep-hole spectium divided by the surface

spectrum often used in the inte rpretation then becomes

R === +J, (0) - J| (wg) /(au)

which, as expected, approaches unity for very low frequencies.

The cross spectra between the surface and the deep-hole spectra are obtained
in the same way

aw

aw 1( 2 )
012 (W) = w(w) Jo<2) =7 (6)
2

Notice that the cross spectrum is either positive or negative, but dces not
have an imaginary component, indicating that the phase changes from 0 to 180
deg. The coherence “etween the surface and the deep-hole noise becoines

aw
Jl(—z—) 2
J ‘”’)- — T
Coh = ° <2 el
1, Jo(aw) _ J) (aw)
8 4 4 ow

which approaches unity as w =0,

The theory for S waves at random angles of incidence is similar. Define

S as the uphole time for S waves.
2

The eq'.ations become:

1
Pr1{w) == P(w)

®22 (W) = ¥(w) Hﬁ —‘Ig‘e#f
3w
Ypa(w) = CP(w)_LL(E%l_
2
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In the previous example, the conversion of P to S waves at the free surface
was neglected. Taking the conversions into account and keeping the rest of
the assumptions made before, a more realistic solution can be obtained;
however, the solution could not be obtained in closed form and numerical
integration of the integrals is necessary.

In this case, the time series at ~She surface and at depth become

N
2 falt) cos B, + b(8) £, (1) cos 6, + c(8) £ (1) sing_

nz=l

Xl(t)

N
z f(t-d cos 6,) cos 6, + b(6)f,(f + A cos 8,) cos 6,

n=1]

Xo(t)

+c(0)f (t + B cos &) sin Y

where b and c are reflection coefficients for P and S waves from an incoming
P wave. These coefficients are functions of the angle of incidence and can be
found in the literature (Fwing, et al., 1957). S waves are reflected at an
angle §, which is connected with 6 by Snell's Law,

The procedure followed in obtaining the required integrals is the same as
that employed previously. Because of the large number of terms involved
in the derivation, only the resulting integrals will be given.

8
ppp(w) = cp(w).é% f [cosze + b2 cos2 6+ c? sinZE
e (7)
+ 2b cos26 + 2¢c cos Bsin £+ 2bc cos 6sin£]d6
e Rl
®y5 (W) = cp(w)-éle f l-cos')' 8+ b cos?® 6+ c2 sinZE
-6
+ 2b cos (W cos 6) cos? 8
3
+ 2c cos w(-'zq-cos 9+‘2—cosE) cos Osin¢ (8)

: = 6 0 si dé
w, *T2bc cosw(-z—cosE -3 cos ) cos © sin §
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)
D) ,(w) = o(w) 1 cos (W2 cos 6) cos®6 + bl cos(w % cos 8) cos? 8
28 2 P

+ c2 cos (w?: cos ¢) sin £+ 2b cos(w-%-cos o) cos® 8

(9)

+ic { sin (w% cos 8) - gin (w-éa-cos{,) } cos 6 sint¢
+1ibe {sin (w-% cos 8) + gin (w?scosﬁ) }cos esinf-.]de

These formulas indicate that if the numerical integration is carried out
between even limits, a number of the terms disappear because they are odd
functions,

It will be noted that while the spectra are real quantities, as expected, the
Cross spectrum is a complex quantity, so that the phase is no longer either
0 or 180 deg but attains inte rmediate values. In cases of practical inte rest,
the phase angles are so close to 0 or 180 deg that spectral analyses are not
sufficiently accurate to detect the diffe rence. Numerical integration of the
integrals was carried out on a CDC 160-A computer.

Rayleigh waves and body waves at vertical incidence result in standing wave
patterns because of the interference effects of incident and surface-reflected
waves. Consequantly, the phase angle at depth can only be either 0 or 180
deg as coinpared with the surface. The cross spectra given in equation (9)
indicates that this is no longer the case for body waves at angles of incidence
other than the vertical. The cross spectrum has an imaginary component
indicating that a standing wavc pattern is not set up with depth. The same
conclusion has been reached by Felix Nagel (unpublished manuscript) from
the amplitude-depth relationships obtained when plane waves arrive at the
free surface at some arbitrary angle of incidence. The amplitude-depth
relationships are a function of time aad standing waves are not obtained. The
position of the zero amplitude value changes only slightly with time; there-
fore, a low value resembling a nodal point will be obtained at depth (for a
particular frequency) if the wave motion is averaged over some time.

In general, over a narrow band of frequencies, the amplitude-depth relation-
ship of P waves at close to vertical incidence are often similar to one of the
Rayleigh-mode amplitude-depth relationships., For example, the third
higher Rayleigh mode and P waves at close to vertical incideice are almost
identical for a frequency of 2 cps at AP-OK.

Narrow band-pass filtering together with cross-cozrelation offers the
possibility of distinguishing between surface waves and body waves.
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If surface waves are present in the noise, the cross-correlation between
surface and deep-hole noise samples will have a maximum at zero lag. The
maximum will be positive or negative, depending on whether the surface
waves at depth are in phase or 180 deg out-of-phase with the surface. In the
case of body waves, the maximum in the cross-correlation will be at a lag
time equal to the up-hole travel time of the body waves.

It must be recognized that if any one 1.2quency acts like a plane wave, P waves
at vertical incidence will set up a standing wave pattern and cross-correlation
results will look as if surface waves are present. Therefore, some caution

is necessary in interpreting the recsults. If very narrow-band filtering were
employed, that is, examining essentially one frequency, it would be possible

to interpret the results quantitatively. However, the cross-correlations over

a finite bandwidth used here can only be interpreted qualititatively to distinguish
between surface waves and body waves.

5.1.2.3 Surface Array Theory

In the case of surface waves arriving at the array froin a given direction (or

a given direction and angle of incidence in the case of body waves), the equa-
tions can be obtained easily. The spectrum of the noise at two seismoreters

(a and b) will be the same (ignoring seismometer-to-ground coupling problems).

N
®aa = CDbb'-:Z ®, (w)
n=1
The cross spectira will be:
N “i w(é')'(' cos B)
- \'2
Oap = 2, Op(We n (10)
n=1
where
N = number of wave types present in the noise
Ox = distance between the seismometers
v = phase velocity of the waves
8 = angle between the direction connecting the seismometers and
the direction of arrival.
<27-
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The cross spectra between two seismometers give only apparent ghase
velocities, and two cross spectra are necessary to obtain the real phase
velocities and directions of arrival.

The theoretical results indicate that coherence will be unity if only one wave
:ype is present, and less than unity in all other cases.

Experimental data from arrays usually indicate that the noise often appears
to be omnidirectional (isotroric), that is, arriving with approximatel'r equal
energy content from all directions. For the casc of surface waves, the solu-
tion that would be obtained has been solved by Backus, et, al., (1964}. The
spectrum of each seismometer is the same, ®(W), and the cross spectra
become

0 p(W) = @ (W) Jo (LX) (11)
v

where the Ax and v are, respectively, separaticw between seismomete.s
and phase velocity.

This solution can easily be extendea to more than one wave type and results
in the sum of Bessel functions equal to the numbcr of wave types present.

Because of the possible presence of body-wave noise. it is necessary to also
consider the case of body waves from random directions and random angles
of incidence.

For P waves arriving at the surface seismometers with equal energy content
from random directions and all angles of incidence, the time series for a
vertical-motion seismometer a is

N
X,(t) = Z fn(t) cos 6, .
n=1{

At svismometer b, the time series becomes

N
Xplt) =3 £ (t - L% 5in 8, con Br) cos 8,
n=1 o

where 0 refers to the angle >f incidence and B to the direction of the waves.
Proceeding in exactly the same fashion as described in the previous section,
the spectrum of each seismometer becomes
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©a(W) = Opy(w) = 3 o (u)

and the cross spectrum becomes

2 T2 (X gin 6 cos 8)
v (e

O p(w) = o) - —21? . }l_ f e
0 -m/2

082§ . dsdd.

By performing the last integration, the expression reduces to

2mn

| f . cos 3)
W) = z__ .d 8, {12
Papl) = o) 57 g wix Wl

cos 2

v

This equation must be solved by numerical methods of integration.
Notice that under the assumptions made, both formulas (11) and (12) hav.
no imaginary parts and the phase angle is either 0 or 180 deg. Therefore,

velocities can only be obtained from the coherence values.

5.1.3 Experimental Results

The methods used in spectral analysis are briefly discussed in order to
acquaint the reader with the reliability of the results. In order to facilitate
discussion of the experimental results, the ¢ ssband of the short-period
Eenioff was divided somewhat arbitrarily into three period ranges: 5.0 to
2.0 sec, 2.0to 0.8 sec, and 0.8 to 0.3 sec. These divisions were chosen
partly for convenience, and partly because somewhat diffe rent wave types
appear to predominate in the different period ranges.

The 6.0 sec microseisms are not discussed here, because the analyses
indicated clearly that, as measured by a vertical-motion seismomete r, the
fundamental mode Rayleigh wave is the only wave type present. This conclu-
sion has been previously reached by a numbe: of authors (see for example,
Gutenberg, 1958).

It must be noted that the examples of noise analyses discussed in this section
are only a small part of the large amount of information that lead the author
to the stated conclusions,
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5.1.3.1 Spectral Analysis

The principal tool used in the inte rpretation of the data consisted of obtaining
spectra and cross spectra, and the associated auto- and cross-correlations
of long noise samples. The techniques used to obtain spectra, and the
accuracy and resolution that is obtained have been extensively discussed in
the literature (for example, Blackman and Tukey, 1958) and need not be
discussed here.

The lenrgth of the noise sample used varied between 180 and 450 sec. As a
compromise between 2ccuracy and resoluiinn, a lag of 8 percent of the sample
was usually used; however, either smaller or greater lags were sometimes
employed tc increase either the accuracy or the resolution of the resulis. A
hanning smoothing function was used in ail cases. In this section of the report,
each figure will give the length of sample and the lag used, to allow the reader
to determine the reliability of.the results. The sampling rate used (usaially

25 samples/sec) ensured that the folding frequency was well outside of the
frequency range of interest.

Theoretical studies on the accuracy of cross spectra have been publisaed in

the literature (for example, Amos, et. al, » 1963). The results indicate that
the experimental coherences are a complex function of the actual coherence,
the smoothing function, and the lag window and that considerable errors are

to be expected when actual coherences are close to zero.

The magnifications at 1 cps were used to calibrate the power spectrum; there-
fore, only the values at 1 cps are correct ground motion values. Because of
the identical responses of the seismographs used, the deep-hole-divided-by
surface ratiosused in the interpretation are correct at all frequencies. The
ratios are obtained by dividing the deep-hole noise spectrum by the surface
spectrum, and will be called power ratios in the body of the report. The
square root of the power ratio will be referred to as the amplitude ratio.

5.1.3.2 Microseisms, 5.0 to 2.0 Sec

The ratio of deep-hole-divided-bv-surface-noise spectra at all sites investi-
gated indicates that fundamental mode Rayleigh waves is not the only wave
Present in the period range between 5,0 and 2.0 sec.

Figure 13 shows the experimental power ratio, and figure 14 shows the phase
angle and cohewvence obtained from noise samples when the deep-hole seis-
mometer was located at a depth of 5200 m at FO-TX. The theoretical curves
for the first three Rayleigh modes and for P waves at vertical incidence are
also shown. These analyses were made at a time when a storm in the Atlantic
was the cause of large microseisms in the period range of 2.0 to 6.0 sec. The
lowest value of the power ratio occurs at a period of 4.0 sec; however, the
coherence is not zero until a period of 3.4 sec is reached. This behavior

=30-
TR 67-3



ol
——en EXPERIMENTAL
meeeecsP.-WAVES AT VERTICAL INCIDENCE
ammmmee. FUNDAMENTAL MODE RAYLEIGH WAVES
o= ¢ wees FIRST HIGHER MODE RAYLEIGH WAVES
srmes emnes SECOND HIGHER MODE RAYLEIGH WAVES

1.0

5200-m NOISE SPECTRUM
SURFACE NOISE SPECTRUM

==

=

0.1 '1

PERIOD (seconds)

Figure 13. Deep-hole (5200 m) vertical noise spectrum divided by surface
noise spectrum. Theoretical amplitudes are included. FO-TX
300 rec sample, 10 samples/sec, 5 percent lags
G 2218
-3]-

TR 67-3

i LA D T 7 U SR RS ——



Figure 14,

COHERENCE

PHASE ANGLE (degyrees)

1.0

I AN VA \ /

180 —

oy |~ ]

180

1.0 10
PERIOD (seconds)

Phase angle and coherence of the noise between the surface

and 5200 m, FO-TX. 300 sec sample, 10 samples/sec, 5 percent lags

TR 67-3

G 2219

-32-



irdicates that between 3.4 and 4.9 sec most of the power was in phase as is
also shown by the phase angle (figure 14); therefore, the fundamental mode,
which is the only wave in phase, predominated at these periods. To explain
the power ratio, the rest of the energy must »e in the first higher mode.

Exarnination of the figures (13 and 14) indicates that for periods less than 3.4
sec, only a small amount of fundarnental mocie Rayleigh waves can be present
in the noise. The experimental values lie between the theoretical first higher
Rayleigh mode and P-wave curves. The experimental data can be explained
by either mixtures of fundamental and first higher mode Rayleigh waves, or
P waves and first higher mode Rayleigh waves.

The deep-hole results at FO-TX indicated that either P waves or first higher
mode Rayleigh waves predominated in the noise but the results could not be
used to conclusively distinguish between the two waves. In an attempt to dis-
tinguish between these two possibilities, information from WMSO was used
from the same time as the FO-TX analyses. Cross spectra between noise
samples from three seismometers located in a 3 km tripartite were obtained.
The cross spectra of the noise .rom two seismometers are sufficient ‘o specify
an apparent velocity. Two pairs of seismometers are sufficient to specify
phase velocity and angle of arrival. The cross specira between the noise
samples from all three noise samples were used to check if consistent results
were obtained from all cecmbinations of pairs. The results obtained are given
in table 3.

As indicated in the theoretical results, if the noise field is isotropic, the
phase angle is 0 or 180 deg. The phase angles obtained from the experimental
results indicated clearly that part of the noise at periods greater than 2.0 sec
was directional. The directions obtained indicated that the storm in the
Atlantic was responsible for the directional part of the noise.

Examinations of combinations of dis2ctional and nondirectional noise (from
eyuation 10, 11, and 12) indicate that the phase velocity obtained for periods
greater than approximately 2.0 sec by these measurements is too large. This
behavior is caused by the isotropic noise staying either in phase or 180 deg
out of phase. Inthe period range under examination here, this causes the
phase angle from the cross spectra to be inte rmediate between the actual value
for the directional noise and 0O deg value of the omnidirectional noise. As an
example, assume 50-percent isotropic 3.0 sec period waves at 4 km/sec and
50-pe>cent dircctional waves at 4 km/sec arriving along the line connecting
two seizmometers 3 km apait; inthis case, the phase angle will be 64 deg.

If only the unidirectional wavss were present, the phase angle would be 88 deg.
The above presented argument indicates that the real phase velocities of the
directional noise are less than those obtained from the cross spectra. There-
fore, the phase velocities in table 3 indicate that body waves are excluded for
anything except every shallow angles of emergence.
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The choice, therefore, lies between fundamental .. nd first higher mode
Rayleigh waves; however, results from FO-TX du ring the same time indicate
that only small amounts of fundamental mode Rayleigh waves were prese:it

in the noise at these periods. Therefore, th-~ first higher mode Rayleigh
waves must predominate.

Table 3. Phase velocity measurements from cross spectra, WMSO

Spectral
Period Azimuth Velocity Average amplitude
(sec) (deg) tkm/cec) (cohsrence)? (anZ/CEs)
6. 667 213 2.85 0.88 51.0
5.714 215 3.16 0.88 91.1
5.000 219 3.49 0.86 92.2
4. 444 226 3.68 0.83 67.0
4.000 ¢z9 3.63 0.76 39.8
3.636 228 3.83 0.70 26.3
3.333 228 4.26 0.69 22.4
3.077 229 4.33 0.64 23.6
z2.857 226 4.41 0.54 21.8
2.667 226 4.24 0.46 18.5
2,500 228 4.51 0.46 16.1
2,353 229 4.87 0.41 15 =l
2,222 231 4.23 0.22 13.2
2.105 237 4.69 0.23 10.6
2.000 235 5.70 0.25 9.12

The arguments given above are meant to show the existence ot ihe first higher
Raylzigh mode, and are not intended to prove that this mode predominates at
all times and at all locations. However, phase angles from all deep-hole
measureraents always show the same behavior; the phase angle changes from
0 to 180 deg at a period that can be explained by P waves or higher modes.
The fundamental mode never predominates at periods less than approximately
4.0 sec. It is of interest that when the first higher mode can be shown to pre-
dominate, a small high in the spectra usually appears at 3.V sec {see table 3).

Particle motion diagrams of the 3.0 sec microseisms produced ambiguous
results; almost all sizzs and shapes of ellipses were obtained. This failure
was possible caused by the presence of different wave types in closely adja-
cent period ranges. The possible presence of Love waves in the noise could
also contribute to the failure to obtain reproducible results.
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At the sites where thick sections of low-velocity rock are present (usually
shales), the results obtaired are more difficult to interpret than at the sites
whe re predominantly high-velocity rocks are present. Figure 15 shows an
example of the resilts ob.cined at the Finedale, Wyoming, site. The section
at this location is composed entirely of shales. The results can probably be
best explained by a cr.nbination of P waves »»- [undamental Rayleigh waves

if the locction of the nhdal point is taken as the main criteria for interpreta-
tion. However, there is some doubt as to the validity of this interpretation.
Figure 15 also shows the results obtained from spectral analysis of a surface
wave of an earthquake from Baja California. The group velocity of these
waves was about 3.2 km/sec, indicating that they a.e surface waves, probably
higher mode Rayleigh waves as recorded by the vertical-motion seismographs.
It is noticea le from the figure that the behavior of the amplitude-dept!
relationships of the noise and these surface waves is very similar, especially
in regard to the location of the nodal point. This behavior suggests that the
theoretical Rayleigh wave curves may be in error. The theoretical Rayleigh
wave computer program used does not take into account the well known
velocity anisotropy of shales. Preliminaryv resulte from an anisotropic
Rayleigh wave program suggest that the d'«crepancies between theoreti-al

and experimental resulte can be explained in this way.

It is, of course, entirely possible thai the noise does consist of fundamental
mode Rayleigh waves and P waves, and that the first higher mode was not
present at the time of the experimenis., With the limited depth of the hole and
with no surface array infcrmatior, the problem cannot be solved. With holes
of the usual depth of approximately 3000 m, it iz not possible to distinguish
between the two possibilities of P waves or first higher mode Rayleigh waves.
Figure 16 shows the amplitude-depth relaticaship of the 2.0 sec noire at
AP-OK. Either theoretical curve will explain the experimental data.

5.1.3.3 Noise in the Period Range of 2.0 and 0.8 Sec

The noise in this period range predn iuates in the spectra at sites close to
the coast; at quiet sites distant frora the coast, the noise at these periods
has usuaily been attenuated to very small values.

r onsidevrable difficulty has been encountered in interpreting the data at these
periods. The amplitude-depth relationships agree quite well with *}e vheoreti-
cally predicted P-wave amplitude-deptl relationships. As an example,

figure 17 shows the power ratio obtained at AP-OK from the noise at the
surface and 2917 m. The theoretically predicted arapiitude-depth relationship
tor P wave at random aagles of incidence betwren -45 and +4% deg from the
veriical, and tke experimental and theoretical phase angles and coherences
are also shown in the same .igure. The agreement betwzen theorv ~:.d
experiment is quite go>d, and could be improved even further by assuming

the presence of some S-wavs noise. Figrre 16 shows the amplitude-depth
relatior ships for the 1.0 gec noive as measured at AP-OK; the theore*ical
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curve for P waves a* vertical incidence fits the experimental data quite well.
However, the first higher mode theory is also quite close to the experimental
data. There exists some doubt that P waves are the correct explanation of
the nonise at these periods. In an attempt to distinguish between the two pos-
sibilities (surface or body wives), cross-correlations were obtained after
digital filtering. The digital filters had extremely sha rp cut-offs, and only
noise in the period range of interest passed through. Figure 18 shows the
results obtained in the period ranges of 2.5 to 1.5 sec and 1.5 to 0. 8 sec.

The experimental evidence shcwn in figure 18 indicates that surface waves
arc responsible for the noise in these two period ranges. A mentioned in
the section on deep-hole theory, P waves at close to vertical incidence can
set up a standing wave pattern that will result in cross-correlations of the
type shown in figure 18. However, it appears unlikely that noise, the statis-
tics of which indicate that it is a completely random phenomenon, will act in
this fashion. It must be noted at this time that the cross-correlation of
signals wili result in the highest value at a lag equal to the uphole time.
Furthermore, as will be shown inthe next section, random P waves, vhen
present, will give maximum in the cross-correlation at a lag other than zero.

Figure 19 shows the coberence between noise samples from seismometers

3 km apart at WMSO. The high coherences at periods greater than 2.0 sec
were caused by directional naige. For periods between 1.0 and 2.0 sec, the ™
phase angles indicated the presence of essentially isotropic noise. The
experimental ‘results can best be explained bv wave traveling at velocities

of 3.0 to 4.0 km/sec.

The most probable solution is that the noise consists of a mixture of Rayleigh
modes, possibly on the basis of equipartition of ene rgy as proposed by Sax
and Hartenberger (1964). Some ®vidence for the presence of the second
higher mode is obtained from figure 13, where at a period of 1.1 sec, the
experimental data can only be explained by the presence of the second higher
mode. However, this peak in the power ratio did not appear at all times;
therefore, while it may be present, the second higher mode does not always
predominate. It is apparent fiom the results that the fundamental mode
Rayleigh wave does not exist with appreciable ene rgy content at the quiet sites.
Close to the coast, however, a considerable pe rcentage of th: noise must
consist of the fundame-tal mode to explain results obtained during previously
reported experiments (Douze, 1964).

5.1.3.4 Noise in the Period Range of 0.8 to 0.3 Sec
The noise amplitudes in the period range between 0.8 and 0.3 sec varies
considerably from site to site. The sites with large noise amplitudes are

cloge to ccuters of population, and the noise is usually connected with
cultural act.vity. s
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The noise at this period range can logically be divided into three parts: the
cultural noise, the sharp spectral peaks, and the residual noise when the
othe r two noise types are not present. Each of the three parts is character-
ized by different wave types.

Figure 20 shows the spectra of the noise at the surface, at 1370 and 2890 m
at GV-TX. Because of the close proximity of the site to Dallas, Texas, the
cultural noise background is extremely large at the surface. The spectra in
figure 20 indicate clearly that the amplitude (on the average) of the noise
decreased very rapidly from the surface down to 1370 m and that the level
only decreased slowly below this depth.

The only wave type that decreases in amplitude with depth with sufficient
rapiaity to zccount for experimental results is the fundamental mode Rayleigh
wave. Figure 21 shows the experimental power ratio between the 668 m

depth and the surface, together with the theoretical fundamental mode, first
higher moue, and P waves. The results clearly indicate, with minor discrep-
ancies, that the fundamental mode accounts for the rapid decrease in noise
amplitudes in the first 668 m.

At depths where the amplitude of the fundamental mode has become negligible,
the amplitude-depth relationships can be explained by either a combination of
highe r-mode Rayleigh waves, by body waves, or by'a mixture of both. The
power ratio in figure 21 shows lows at both the nodal points of the first higher
mode and the P waves indicating the possible presence of these waves. In an
attempt to distinguish between the possibilities, the noise from seismometers
at depths of 2570 and 2890 m were cross-correlated after narrow-band analog
filtering (low pass and high pass at 3 cps, 24 dB/octave. The result (figure 22)
shows that the crnss-correlation peaks at 0.1 sec, indicating that the noise
consists of body waves and not of surface waves. If only P waves were present,
the measured uphole time would indicate that the average angle of incidence

is 45 deg from the vertical. However, it is likely that S waves also contrib-
uted to the average uphole time measured. Cross-correlation between deep-
hole noise samples from EK-=NV, a very quiet site, showed that the noise at
approximately 3.0 cps also consisted of body waves.

The coherences were typically high at all sites where multiple seismometers
were placed in close proximity (<600 m). The coherence was a complex
function of the distance between seismometers. Figure 23 shows the coher-
ence and phase a"ngle of the noise from seismometers at depths of 1370 and
1980 m. Notice that the phase angle departs from 0 deg at 0.5 sec period;
as will be discussed latcr, the peak at this period probably consists of
another wave type.

-~
~

All sites investigated, with the exception of Eureka, Nevada, showed the
presence of a sharp peak at 0.49 sec period. Often it was hidden by cultural
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noise at the surface; however, at depth it was always clearly visible in
the spectra.

In discussing the 0.49 sec peak, the data will be used from AP-OK, FO-TX,
and WMSO, where the peak is very prominent.

In a prr--ious publication (Douze, 1964), the 0.49 sec noise was attributed to
the pre.ence of the third higher Rayleigh mode. Figure 24 shows the spe.tra
of the roise at the surface, 3048, and 5486 m at FO-TX. The sharp peak at
0.4) sec was still resent at the bottom of the hole; comparison with the
theoretical amplitude-depth relationships (figure 12) indicates that the third
higher mode cannot be the cause of the peak at this period unless the theoreti-
cal results are greatly in error. Theoretical investigations indicated that the
amplitude-depth relationships can also be explained by P waves arriving at
close to vertical incidence. Figure 16 shows the results obtained with a
single seismometer in the deep hole and an array of four deep-hole seis-
mometers at AP-OK. The data from the array does not fit either of the
theoretical curves closely. The experimental second nodal point appears to
occur at a shallower depth than indicated by either theory suggesting the
presence of an even higher Rayleigh mode. However, the amplitude-depth
relationships of the Rayleigh modes depend on the assumptions made on the
velocity section below the hole, and the third :node could probably be made to
fit by changing the velocities. It must be noted that the P-wave theory does
not depend on the velocity section below the hole.

Surface and body waves can, in theory, be identified by their phase velocities.
The phase velocity of the 0.49 sec noise is approximately 3.0 km/sec as
measured by WMSO personnel (personal communication, George Gray).
Figure 25 shows the cross spectrum between seismometers 1 km apart at

the observatory. In general, the noise is isotropic as indicated by the ten-
dency of the phase angle to remain at either 0 or 180 deg. If the 0.49 sec
noise is assumed to be isotropic, the coherence [J.29) and the theoretical
results (formulas (11) and (12)) indicate that the phase velocity is 3.2 km/sec.
This velocity indicated that the ncise consists of surface waves.

However, several features of the experimental data are difficult to explainby
the presence of one higher Rayleigh mode alone. Desp'te numerous attempts
to locate a seismometer at a nodal point, no such depth could be found. The
presence of mixture of wave types could explain this behavior. High resolu-
tion spectra often indicate the presence of another peak at approximately
0.51 sec period. If these two adjacent peaks were caused by different wave
types, the results from spectral analysis can be expected to be inconclusive
because of lack of resolution.

The coherences (a'.ee figure 16) gave values that would be expected if the
0.49 sec peak had very high coherence and the noise at the same period
apart from the peak was incoherent like the noise at adjacent periods. The
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low cohcrence at 1950 m is typ.cal cf results close to theoretical nodal points,
indicating the presence ol approximately equal power in and out of phase.

In conclusion, the experimental results do not indicate which type cf wave
is responsible for 0.49 sec noise,

A discussion of the 0. 49 sec noise is incomplete without a discussion of the
reason for the existence of the sharp peak. Either there exists a very wide-
spread source of tnis peak, or the earth in some fashion acts as a filter.
Despite considerable effort, no common surface source has been found that
can explain the sharp peak at this period. If the waves are body waves, some
subsurface source must be hypothesized, earthquake records .how that the
earth does not act as a filter which preferentially passes 0.49 sec noise for
body waves. If the waves are surface waves, some filtering mechanism
presently not understood must exist. It is juite posasible that further investi-
gation of this phenomenon will resul. in some fundamental discovery on wave
transmission in the crust,

5.1.4 Conclusions

Some of the waves present in the noise have been identified. The evidence
presented shows that, apart from the fundamental mode, the first higher

mode is present in the noise at periods around 3.0 sec. Because of the
similarity between body waves and surface waves, it could not be established
that the first higher Rayleigh mode always predominates at periods between
4.0 and 2.0 sec. However, it has been established that, at sites some distance
fron: the coast, the fundamental Rayleigh mode is not present with appreciable
anmplitudes.

In the period range of 2.0 to 0.8 sec, the experimental data were not conclusive.
The amplitude-depth relationships can be explained by either a mixture of
higher modes or by a predominance of P waves. Both cross-correlations and
coherences across surface arrays indicated that surface waves are the
preferred interpretation.

In the period ranjge of 0.8 to 0.3 sec, the cultural noise has been shown to
consist principally of fundamental mode Rayleigh waves. At depths where the
fundamental mode has decrecased to negligible values, the remainder of the
noise consists of random body waves, The sharp peak commonly present at
0.49 sec consists of Rayleigh mode or modes of order higher than third or

of body waves.

5.1.5 Deep-Hole Horizontal Seismograph Noise

The theoretical amplitude-depth relationships for Love waves have heen
computed. In order to obtain accurate results at the higher frequencies, the
original computer program was modified. In the original program, a loss of
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accuracy occurred because of the large number ol matrices that are multinlied
together. This accuracy was improved hy changing the mathematical develop-
ment so that fewer matrix multiplications reed to be carried out.

Table 4 gives the velocity section used in the ccmputations; the velocities

and densities in the hole are known (except for the S-velocity) from well-logs.
Below the cepth of the hole a reasonable estimate of the velocities in the crust
was used. Figures 26 and 27 show the amplitude-depth reclationships of the
first three Love modes at periods of 1.0 and 3.0 sec. Because only small
changes of velocity exist in the section, no large amplitudes occur at depth.
The only surprising feature 15 the increase of amplitude or the fundamental
Love mode at 1.0 sec in the first 1.5 km. No explanation is available for
this behavior.

Table 4. Model parameters (AI’-OK)

Layer
thickness P-velocity S-velocity Density
1.09400 6.10000 3.39000 2.70000
0.13700 5.64000 3.30000 2.60000
0.12200 4.70000 ‘ 2.76000 2.60000
0.03900 5.55000 3.26000 2.60000
0.04600 5.09000 2.99000 2.80000
0.21600 5.55000 3.26000 2.60000
0.08000 4.70000 2.76000 2.60000
0.12200 5.55000 3.36000 2.60000
0.07600 5,.10000 2.99000 2.60000
0.56400 5.55000 3.2600C 2.80000
0.03000 5,10000 2.99000 2.80000
5.,00000 6.00000 3.51000 2.80000
6.00000 6.20000 3.63000 2.80000
4,900000 6.50000 3.80000 2.80000
3.00000 6.60000 3.88000 2.80000
7.00000 7.24000 4,25000 2.80000
0.00000 8.20000 4,65000 3,.30000

Figure 28 shows the spectrum of the noise of the horizontal directed north

at the surface, and figure 29, shows the ratio of the decp-hole (2880 m)
horizontal divided by the surface horizontal. Both triaxial-seismometer
outputs were coordinate-transformed to produce horizontal information in
the N-S and E-W directions. The necessary angles of rotation were obtained
by measuring the angles between the recorded amplitudes of a large tele-
seism and the known direction of approach. This one example does not allow
any valid inte rpretations to be made; however, it is noticeable that no
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minimum in the ratio denoting a nodal point such as shown by the deep-hole
vertical seismographs can be observed.

In order to show that the method used in computing the orientation of the
triaxial seismometers gives the correct results, a teleseism was oriented
using the same direction cosines as were used for the noise. Figure 30
shows the results obtained; as expected, the radial component detected
P-wave motion while t..e transverse component showed no motion.

5.2 SHORT-PERIOD SEISMIC SIGNALS

Short-period seismic signals were analyzed both visually and digitaily.
Because the surface-reflected wave interferes with the incoming wave a
short time after the first arrival, only the first breaks of large teleseisms
were used to obtain visual amplitude measurements.

L a—

SPECTRUM
-_.-'-""—-—l
..:"'"'_J

10 1.0 0.1
PERIOD (secends)
Figure 29. Deep-hole (2800 m) noise spectrum (N component)
divided by surface noise spectrum o

-55-
TR €¢7-3




™ 1D
(2880 m)

1
(2880 m)

(2880 m)

=8 Wi

i AWVJ\/\W

b 4 N a a a A &
hiEyry v - v ad . 2 4 . o v g v v v

Figure 30. Triaxial and coordinate-transformed teleseismig signal
! G 2229

&8s
TR 67-3




5.2.1 Visual Measurement

Figure 31 shows the decrease in amplitude, Wwith depth, of the first breaks

of teleseismic P-wave signals. As Predicted by the theory, the amplitudes

at the surface are at least twice as large as at depth; this behavior is caused
by the addition of the incoming and reflected waves. At sites where there is
only a small change of velocity with depth (for example, AP-CK, FN-WV),

the above discussed relationship holds almost exactly. For sites such as
PI-WY where the velocity at depth is appreciably greater than at the surface,
the amplitudes 2t depth are less than 0.5 times the surface value. L. general,
this behavior can be explained in te rms of seismic impedance. The energy

in an elastic wave is directly proportional to the square of the amplitude and
inversely proportional to the velocity. Thus, a wave traveling up the hole
through lower-velocity layers will increase in amplitude. This simple
explanation ignores the reflections and refractions caused by the layering;
however, it does explain the results obiained. For more detailed examination
of the behavior, it is necessa ry to examine the behavior of the waves in the
frequency domain.

Visual analysis of shear waves was attempted; however, the results obtained
were not very meaningful when only vertical seismographs were being used.

Measured velocii‘es were close to those expected if a Poisson’s Ratio between
0.27 and 3.0 was assumed. Amplitude-depth relationship measurements
scattered widely, probably because the first breaks could not be measured
accurately in the presence of the P waves.

5.2.2 Computer Analysis

At only one site (AP-OK) have the P-wave signals been anal'-zed in detail in
the frequency domain by using digital Fourier transform methods . In general,
the results showed that P waves behave exactly as predicted by the theory.

The theoretical behavior of the amplitude-depth relationships in the frequency
domain can most easily be calculated by the matrix formulation method
(Haskell, 1963) which takes account of all the reflections and refractions and
performs the calculations entirely in the frequency domain. For reasons

that will become apparent in rection 7 (inverse filte rs), the approach used

was different. First the impulse response of the layered media which composes
the section of the hole was computed and then the Fourier transform of the
impuise response was calculated to obtain the amplitude-depth relationships

in th2 frequenry domain.

For vertical angles of incide.ce, a computer program is available to compute
the impulse respor.se; however, for angles of incidence other than the vertical,
the computer program would have to be very elaborate. Therefore, computa-
ions were carried out on a hand calculator; conside ring the limited number
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of sites which are to be used in the measurement program, this a'pproach is
by far the most efficient. The fact that the impulse responses computed in
this fashion are correct is demonst rated by the fact that the inverse filters
(section 7) computed from them did change the deep-hole signal into the
surface signal.

As will be mentioned in section 7, the inverse filters work exactly as intended
for only the first few cycles. While no definite conclusions have been reached
about the types of waves that are responsible for this behavior, it was found
that the amplitude-depth relationships change later in the signal.

To obtain the amplitude-depth relationships discussed above, several signals
were analyzed as follows, Overlapping 5 sec segments of the signal were
taken at the surface and at depth. The Fourier transform of each segment
was calculated and the ratio of deep-hole signal-to-surface signal and the
phase angle difference between them were recoried. Each segment was
passed through = cosine window before the Fourjer transform was taken to
minimize the edg effects.

Figure 32 shows the results from two of these segmerts; the first segment
covered the first 5 sec of the signal and the second covered the nex: 5.0 sec.
It is apparent that there is an appreciable difference between them. The
amplitude ratio of the first 5.0 sec is in excellent agreement with the theory
for incident P waves. The next 5.0 sec is not in agreement indicating the
presence of other wave types.

6. TRIAXIAL ARRAY, TASK le

The evaluation of deep-hole instruments that was called for in Task 1lb
resulted in a determination that the existing short-period triaxial seis-
mometer (developed under Project VT /072) was inadequate for routine
deep-well use. Extensive design modifications were made, re sulting in

an instrument suitable for field use. TR 66-67 was prepared which described
the instrument in detail and the tests performed on it in the laboratory. A
complete system, composed of four triaxial seismometers, amplifiers,
cables, winches, control equipment, and associated standard equipmen* was
assembled and made ready for field measurement program.

An installation was made at AP-OK and operat«d in conjunction with the
digital recording system discussed in section 8 of this report. Figure 33
shows an outline drawing of the seismomete r; figure 34 shows one module
of the seismometer; figure 35 shows the array controller designed for the
array; and figure 36 shows a bleck diagram of the system.
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Figure 34. Triaxial seismometer module and switch
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Figure 37 shows a comparison of background noise recorded at the Grapevine
Test Site. Comparisons of the coordinate-transfo rmed output of the triaxial
system with the output of the 18300 systems show excellent correlation. In
addition to the coordinate-transformed Z output, a direct summation Z is
also shown. The correlation, again, is excellent.

7. CONTINUE TO DEVELOP TECHNIQUES, TASK 1f (1)

7.1 INVERSE DIGITAL FILTERS

In processing an array of deep-hole seismographs, two general approaches
can be employed: (a) the processes such as optimum Wiener filtering with
assumptions about the signals, in which case the signals do not need to be
changed, or (b) processes such as maximum likelihood filters or the tech-
niques shown in figures 38 and 39 in which case the signals must be inverse
filtered. The simplest approach is to filter the deep-hole signals in such a
way as to make them look lixe the surface signal; however, it is also possible
to change all the signals to duplicate any of the deep-hole signals. We will
call the filters that change a signal recorded at one depth to the signal at
some other depth inverse filters.

The filters that are needed can be expressed as rational functions of Z,
where the Z-transform (Jury, 1964) method is employed.

The most general digital inverse filter is given by:

F(z) Alz) _  a, +a1z"1 +ajy P T +an 2z "
b A - - < A e
B(z) botbiz-l +by 272+ . . . . +byzm

By rewriting the formula as B(z) . F(z) = A(z), it is apparent that F(z) is the
filter that changes the time series B(z) into the time series A(z). In terms
of inverse filtering as applied to deep-hole signals, the filter should change
the signal recorded at one depth to that recorded at another depth. The
time series A(z) and B(z) are the responses that would be recorded at the
different depths if the incoming signal were a unit impulse, that is, the
impulse response of the layered half{ space that is taken as model of the
section penetrated by the hole.

F(z) can be expanded by long division (Jury, 1964) into a simple polynomial:

Alz) = ¢ oy b 6272 4, L L b ks,
Bl(z) o 1 2 k
SR
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In geueral, the expansion of F(z) will result in an infinjte series. In the
filters used in this work, the deep-hole inverse filters are stable and the
coefficients converge to zero; however, they conve rge only slowly. The
series was truncated to a length of 125 points and a cosine taper was applied
to smooth the results.

Instead of obtaining an inverse filter by long division and truncation, it is
possible to design a one-channel optimum filter of the same length; this
approach was also tried. The difference in the results was negligible;
therefore, the long division process was employed.

In order to obtain ehorter filters that would function mora: effectively in
on-line processing, it was decided to use recursive filters. Consider the
following filter, where X(z) is the input and Y(z) is the output:

-1 -2 =
Y(z)=a°+alz +azz + -+« « . taz~n X(z)

l"'blz“l'l*bzz-z"' O +bmz'm

where b, can always be made equal to 1 (unless it is zero) by dividing
numerator and denominator by by.

By some mathematical rewriting, the formula can be changed in:o:

Y(z) = (ag + a, z-14 « o« v ap 2™?) X(z) - 2~ 1 Y(z, (b) + by 2z 14 5 . ]

thpz™™ il )

The output Y(z) is thus equal to input convolved by A(z) minus the output
delayed one sample interval and convolved with B(z). In cas= of deep hole
processing where the deep-hole signals are usually filtered to approximate
the surface signals, it is possible to £o one step further and design a filter
that uses only the present input and past outputs. This approach is possible
in the present case because A(z), the impulse response of the surface seis-
mographs, consist of one la rge irapulse ard some ve ry minor reverberations.
The desired filter is:

C(z) can be obtained by synthetic division of B(z) by A(z). Because of the
nature of A{z), the result is very nearly B(z) and the length of the filter has

7
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not increased because the values at lags greater than m (the length of B(z))
are extremely small and can be neglected. Thus, the feedback filter presently
being used is:

Y(z) = X(z) - 27! Y(z) (by + byl . . 4by 2t ]

Figure 40 shows the same signal inverse filtered by the two techniques

discussed. The results are essentially identical for the signal. The noise
appears slightly different; the reason for this behavior is that the feedback
filter is exact while the normal inverse filter is a smoothed approximation.

7.2 Optimum Filtering Techniques

A large variety of optimum filtering techniques can be employed to operate
on the data provided by a vertical array of seisr..ometers. Not all the
processes that will be tried are finisked at this time.

The derivation of the Wiener optimum-filter equation has been reported in

numerious publications (for example, Burg, 1964)and will not be discussed
here. Discussions of optimum filtering in this report will be confined to the
Wiener least mean-square technique discussed b; Burg (1964).

The most obvious app ‘oach is to employ conventional optimum filtering
where the signal model is chosen to conform with the behavior at depth of
teleseismic signals. The noise correlation matrix would be obtained from
actual recordings while the signal would assume to be white over the period
range of interest. The cross-correlation between signal and signal + noise
would assume the signal to be uncorrelated with the noise, and the desired
signal would be taken as the surface; the cross-correlation used would then
be the correlation between the signal at the surface and the signal at the
depths at which the different seismographs are operated. This approach
should be tried in order to compare the results witii those obtained from
other techniques. The techaiques that have been used to date nre shown in
figures 38 and 39. These processing schemes are based on the concept that
elimination of the assumptions madc about the signal in conventional optimum
filtering would result in a more effective processor. Whether this concept is
valid cannot be determined until the conventional optimum-filte ring techniques
have been tried. Figure 38 shows the filtering technique used in the first
attempts to improve the detection capability of the site. As shown by the
schematic, the signals are first equalized by the inverse filters discussed

in section 6. After inver e {iltering, each deep-hole channel is subtracted
from the reference channel to produce a trace that consists only of noise.
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Although the surface channel has been used as a reference channel throughout
the present analysis, any channel can be used as a reference. In fact, at
sites where there is an appreciable increase of signal-to-noise ratio with
depth (which is not the case at AP-OK), the surface must not be used as a
reference because it would introduce excessive amounts of noise into the
process.

An optimum filter was then constructed where the desired signal is the noise
at the surface and the actual noise recoried in the deep hole is to be sup-
pressed. It must be noted that the usual assumption of that desired signal
(surface noise) and noise are uncorrelated is not correct; the optimum filters
are designed from actual data {including correlation of signal and noise) and
no assumptions about the signal are made. The output of optimum filters is
then subtracted from the surface to obtain the actual signals. As shown in
figure a and b the process can use either multi- or single-channel optimum
filters.

Figures 41, 42, 43, and 44 show the spectrum of the noise at the surface

and the spectra of the th ree single-channel outputs of the process. The
plasiic overlay of surfac: noise in the envelope at back cover may be used
for comparison. The single-channel filters are all one-sided filters using
only past data, Figure 45 shows the direct sum of the three single-channel
output3. In this case the output was divided by three to normalize it to

equal signal amplitude. The filter lengths employed was 71 points, corre-
sponding to 3.5 sec of real time. In comparing the three single-channel
outputs, it is apparent that the noise level was only reduced by a smallamount
except at 2 cps. The reason for this behavior is probably the fairly low
coherence between seismographs at these frequencies together with the fact
that the amplitude-depth relationships of signal and noise are almost identical
in this period range (for details see section 5.1). The peak at 3.0 secperiod
was not rediced appreciably by any of the filters mainly because the filter
length was not sufficient, however, as these waves are not at the periods
where teleseisms are usually detected, no attempt was made to improve the
performance.

The 2 cps peak shown on all spectra is one main obstacle to visual detection
at this site. Comparison of the results of the single-channel cases indicate
that deep-hole 1 (2880 m) was by far the most effective and recuced the power
in the 2 cps peak by 12 dB. The single-channel process operating on deep-
hole 3 (1060 m) did not reduce the power while deep-hole 2 (1980 m)achieved
a reduction of 5 dB. Therefore, a single-channel optimum filter operating
on the bottom seismograph is the best processor. Examination of figure 45
which shows the direct sum of the three single-channel cases shows this
sum is inferior to the singic-channel deep-hole 1 process. The reason for
this tehavior is that the high noise from deep-hole 3 ie introduced by sum-
mation.
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The type of processing discussed alLove depends heavily on ucing the correct
inverse filters. Any errors in the inverse filters will not subtract correctly
and will be operated on by the optimum filters, thus introducing errors.

Figure 40 shows a teleseismic signal as recorded by the surface and deep-
hole 1, together with the inverse-filtered deep-hole signal and the signal
passed through the single-channel process (using deep-hole 1) discussed
above. It will be noted that the inverse-filtered signal is slightly different
from the surface signal; however, this difference is caused by noise as 13
shown by the elimination of the differences when passed through the optimum
filter.

It must be noted that the signal used is sharper (higher frequencies) than
the usual teleseism and thus constitutes a severe test for the inverse filters.

The inverse filters are expected to show some errors, relative to the noise
level, for large signals; however, for large signals, processing of the data
is not necessary. Although the noise attenuation shown by the spectra was
obtained by processing the same noise sample from which the filiers were
calculated, the signal occurred several days later. The results indicate
that the filters were still effective at this later time.

Figures 46 and 47 show the spectra of the results of using a multichannel
optimum filter with deghosting inverse filters (figure 39). Both one-sided
(past information) and two-sided (past and future information) filters were
used. In both cases the 3.0 sec peak was attenuated in power by approximately
7 dB. The reason that the multichannel filters attenuated the 3.0 sec peak
more than singlz-channel filters is probably that the multichannel filters are
able to make better use of slight phase differences between channels after
inverse filtering. At the 2 cps peak, the one-sided filter results in anattenu-
ation of noise powe» practically identical to the single-channel technique
operating in deep-hcle 1. This result appeara to indicate that the multichannel
filters essentially only make use of the noise in the de:p-hole 1 trace to
attenuate this frequency. For reasons that are not unde rstood at present, the
two-sided multichannel filters were less effective in suppressing the 2 cps
peak than the one-sided ones. Figure 48 shows a signal when passed through
the different processors discussed above; in no case was the signal degraded
to any appreciable extent.

For comparison with the outputs of the different processors, figure 49 shows
the result of the direct summation of the inverse-filte rec channels with no
optimum filtering. At 2 cps the direct sum is definitely inferior to both the
single-channel filter using deep-hole or the multichannel filters. It also
failed to attenuatc the peak at 0.7 sec period as well as the single-channel
filter.
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Figure 48. Teleseismic signal operated on by techniques used to increase the
signal-to-nois= ratio a, surface; b, c,d, single-channel deghosting processes
operating on DH3 (1060 m), DH2 (1980 m), and DHI (2880 m);
e, normalized sum of b, ¢, d; f, g, multichannel deghosting

processes with one-and two-sided optimum filters; h,
DH] unfiltered, i/ single-channel ghosting process
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Figure 50 shows the results of using a single-channel ghosting technique of
the type shown in figure 39. For reasons that are not understood at present,
the results are inferior to the single-channel deghosting filter technique if
the attenuation of the spectral peak at 2 cps is used as the criteria. At 0.5
cps the ghosting technique resulted in a greater attenuation of the nojse. The
process is working correctly as indicated in figure 48 in which deep-hole 1
(unfiltered) and the final output of the process are shown.

The results obtained to date indicate that the one-sided single-channel
optimum filter using the deep-hole 1 and the surface (as reference) is the
most effective processor tried to date. The probable reason for this behavior
is the similarity between signal and noise, which only at the bottom of the
hole shows sufficient differences to allow the filters to effectively operate on
thein,

Figure 51 shows an example of a small teleseism (epicenter, Crete, magnitude
4.0) as seen by the surface seismograph, and after processing using a
deghosting filter and a single-channel optimum filter operating on deep-hole 1.
While the signal is obvious on both traces, the first break was noticeably
improved on the uptimum filter trace.

The principal problem encountered in the processes discussed above is a
result of the similarity between the :ignal and noise. In the computer
program, the Levinson reiterative process is used; in general, one of the
submatrices in the calculation became singular within the limits of accuracy
before 71 points of the filter were calculated. Usually, the problem could

be resolved by adding sufficient white noise (5 to 10 percent) to the correlation
matrix. However, even using this approach, many of the optimum filters used
were not at long as 71 points. The filter's computation is stopped when the
mean-8square error shows an increase, which often indicates a singularity

in a submatrix. However, great care must be employed when this happens
because the singularity often occurs before it appears in the mean-square
error. Therefore, the last set of filter points is not valid, and a previous

set (before the error) must be used. The correct set can only be determined
by careful inspection of the filter points. It is expected that the program will
be changed in the future so that it prints out warnings when singularities
occur. )

It must be emphasized that this problem is caused by the particular signal
and noise correlation used, and is not a problem in the more usual filter
computations.
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8. PROVIDE AND MAINTAIN AN ON-LINE SIGNAL PROCESSOR,
TASK 1f (2)

8.1 COMPUTER

A number of digital systems were considered for use in this task. The
general specifications for the system were as follows:

Numbe r of channels 32, minimum

Samples per second 20, maximum
Resolution, bits 14 (13 + sign)

Input impedance >50KQ

Tape format Gapped, IBM compatible

The final choice of an on-line processor was the Adage Inc.,Computer,

the Ambilog 200. The specifications for this computer met our require-
ments, and the equipment was procured and installed in an LRSM recording
van that was transferred to this project. Figure 52 shows the arrangement
of racks in the van and figure 53 shows the operator's console.

8.2 PROGRAMMING

Because of the need to do real-time processing of data, all programs for

the computer were written in machine language. Included among the pro-
grams were a digitizing program (GTCH6), an on-line inverse filter program
(GTCHY) and a data listing program (DALST). GTCH6é and GTCHY provide
for operator input so that station identification, day of year, year, starting
time, and sampling rate is included in each record on the tape. The time in
the record is updated programatically. Figure 54 shows the format used to
digitally record data. DALST is a useful program for listing data from the
tape on the typewriter,

8.3 DIGITAL SYSTEM PERFORMANCE

The digital system was installed in a recording van in April 1966, When

the software was received, it was learned that the requested digitizing
program had not been written. Consequently, some time was lost whils

this was done. In August, the memory was increased to 16K and ambilcgical
subsystems were installed to permit on-line processing of data. During the
intervening time, difficulty was experienced in using the Adage-furnished
systems programs. The difficulty was finally traced to a tolerance buildup
between ‘machines. Adage subsequently rewrote their programs to remedy
the problem. Another problem that caused considerable difficulty was the
presence of spurious noise pulses as illustrated in figure 55. These pulses
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¢ccurred at 3-sec intervals, coiacident with the tape -writing ope ration.
Adage worked with us in finding the cause. In August, they made hardware
mcdification to the computer and assisted us in revising our digitizing
program in an attempt to elimin~te the problem,

In September, we experienced an inte rmittent memory failure, and personnel
from Adage and Fabritec (the manufacturer of the memory) attempted to find
the cause. The failure was of such a nature that it was not conclusively
found.

In June and again in October, we experienced a catastrophic failure of the
computer. Each time, approximately 25 transistors were destroyed in the
system control unit (SCU). Adage has taken the position that the cause was
either a line transient or a lightning strike. A difference of opinion exists
between their company and ours that may never be resolved.

During September and October, we were troubled by frequent failure of the
computer and/or programs that caused the computer to fail to execute our
data-gathering programs. The exact cause is still not clea rly unde rstood
by us or Adage. During this period, Adage made hardware modification and
again revised our software.

During Novemb:r, we continued to have difficulty loading the Adage programs
and difficulty operating our own programs. Further, the noise pulses were
again obsevved, as shown in figure 56. A service man from Adage came to
the site to find the difficulty. Another Adage employee came to repair a
minor difficulty with the typewriter. The cause oi the difficulties with the
computer was not found.

During October, November and December, we found that an ala rming
number of parity errors were detected while working off-line with the data.
It was estabiished that the errors were the result of failure of the system

to write the parity bit, rather than er-ors in the data. Toward the end of
December it became impossible to read program tapes at all. Through use
of an alignment tape it was determined that the tape transport was not reading
tracks 1 and 4 of the tapes. 'wo defective transistors were found and
replaced. This seeme to have cured the problem and was possibly the cause
of the parity bit problem. During testing to find the cause of this failure,

a failure occurred in the memory. A defective transistor was replaced and
the system was again operational and remained so to the end of the technical
program.

8.4 PIXRFORMANCE COMMENTS

Although many problems were encountered with the digital system, it was
still used for its intended purpose zs described in an earlier portion of this
report. Further, we found the manufacturer of the equipment to be
-91-
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cooperative and as anxious as we to find and cure the sources of difficulty ,
Any criticism of the computer should be tempered by the fact that it was
remotely situated with respect to Adage service centers and that the identi-
fication of the cause of inte rmittent failures can be ext remely difficult in a
large scale computer,
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10. CONCLUSIONS AND RECOMMENDATIONS

10.1 CONCLUSIONS

10.1.1 The deep-hole vertical arrays were effectively used to gather data
for use in work designed to increase unde rstanding of the composition of
noise and the behavior of signals.

10.1.2 The vertical array of triaxial seismometers was operated routinely.

10.1.3 Althouvgh intermittant problems were expe rienced with the or.-line
processor, it was,neve rcheless, useful in digitally recording data for off-line
use.

10.1.4 Additional programming effort will be required to implemcnt on-line
data processing techniques.

10.1.5 The iuverse filters were shown to operate correctly on the teleseismic
P-wave signals for which they were designed. Failure of the filters to operate
correctly was shovn to be caused by the presence of wave types other than the
P waves for which the filters were designed, resulting in a degradation of
results.

10.1.6 The best processor found was a single-channel optimum filter using
a deghosting filter operating on the bottom seiamograph (2880 m) and on the
surface.

10.2 RECOMMENDATIONS

10.2.1 Before zdditional short-period triaxial seismometers are constructed,
redesign should be undertaken to increase their = ggedness.
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10.2.2 The digital system should be further improved to increase its
reliability before it is used in a continuous (24 hr/day) application.

10,2.3 The techniques to improve the S/N ratio discussed in this report
need to be tried at other sites where different kinds of noise fields are
present.

10.2.4 Several other optimum filtering techniques such as the maximum
likelihood type need to be tried and the results compared with the results
discussed in this report.

10.2.5 Only a small amount of effort was expended on the horizontal data
obtained because the vertical motion processing was considered to be more
important. A g-eat deal more eflort is needed to gain an unde rstanding of
the horizontal-mot.ion noise field and to examine the processing techniques
that can be used.
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APPENDIX 1 to TECHNICAL REPORT NO. 67-3

STATEMENT OF WORK TO BE DONE
AFTAC PROJECT AUTHORIZATION NO. VELA T/5051
AND AMENDMENTS




STATEMENT OF WORK TO BE DONE
AFTAC PROJECT AUTHORIZATION No, VELA T/5051

1, Tasks.

a, Conduct systems engineering on deep-well instrumentation to obtain
a capahility of operating up to 6 seismometers in a borehole simultaneously,
Evaluate the applicability of multiconductor dats cable with quick disconnect
features between instruments in a vertical array. No major redesign of the
deep-well seismometer is anticipsted although mass size may be reduced to meet
size and weight limitationms. Following design approval by the government,
assemble and conduct operational tests on the recommended deep-well seismo-
graphic system,

b. Maintain and operate the deepewell test Zacility near Grapevine, Texas,
for the purpose of testing equipment modifications, developing new handling
and emplacement techniques, and qualifying calibration and operational proce-
dures for the deep-well seismograph, In this regard, field evaluation of new
or improved deep-well devices, such as the borehole triaxial SP seismometer
under Project VELA T/072, will be conducted at Grapevine prior to use in field
measurements tasks,

c. Continuve to measure signals and naise in deep and shallow boreholes
where additional data are required, These field measurements do not antici-
pate any preparation of new deep-well sites but provide for occupancy of
several boreholes previously conditional and available. Data should be
obtained for the purpose of Supporting analysis of the behavior of seismic
signals and noise with depth, A limited number of shallow borehr .es may be
required in support of this tesk,

d. Provide for complete and detziled analysis of data resulting from
field measurements and develop means aof processing multiple signals from
borehole arrays of 3 to 6 sensors, Major effort should be devoted to
prediction of deep- and shallow-buried nrrays under varying conditions of
surface noise, environmental influencr.s, geological struct res, and geographic
location, Large scale computer support” of the CNC 1604 class is not authore
ized but will be provided by Separate arrangement with the AFTAC project
officer,

24 Reggrts.

a. A monthly letteretype management and progress report in 14 copies,
summarizing work through the 25th of the month, will be dispatched to AFTAC
by the end of each month, Spenific tapies will include technical and
financial status, major accomplishments, problems encountered, future plans,
and any action required by AFTAC, The financial status in each report should




include estimuted expenditures and comnitments to date, estimated funds
avallable to complete the work, and 2stimated excess or deficiency of funds,
Illuscrations and photographs should be ineluded as applicable, In
addition, the wonthly report submitted for che reporting period occurring

6 months prior to the scheduled contract completion date shall contain
specific statements concerning recommendations or requirements and justifi-
cations for extensions, modificationms, .ar expiration of work and any
changes in cost estimates which are anticipated by the contractor. The
heading of each report should contain the following information:

AFTAC Project No., VELA T/5051

Project Title

ARPA Order No,

ARPA Project Code No,

Name of Contrartor

Date aof Contract

Anount of Contract

Contract Number

Contract Expiration Date

Project Scientist's or Engineer's Name and Phone Number

b. A list of suegested milestone. will be dispatchea to AFTAC in
14 copies not later than 20 September 1964, Milestones are deflned as
accomplishments which present significant progress when completed, Each
milestone should be briefly described and completion dates should be
estimated., Upon arrival of milestone information, copies of SD Form 350
will be furnished for reporting progress against the wilestone schedule,
The SD Form 350 will be attached to the monthly repor:,

c. Special reports of major events will be forwarded by telephone,
telegraph, or separate letter as they oceur and should be included in
the following monthly reports, Specific items are to include (but are
not restricted to) program delays, program breakthroughs, and changes in
funding requirements,

d. Special repnrts, as requested by the AFTAC project officer, may
be required upon completion of various portions of the work,

e, An initial technical summary report in 50 copies, covering work
performed through 30 January 1965, will be submitted t- AFTAC within
15 days after the close of the reporting period, A semiannual technical
Summecy report in 50 copies, covering wark performed through each
6-m.nth period following the close of the initial reporting period, will
Le cubmitted to AFTAC within 15 days follo\ ing the close of the reporting




period, These reports will pir2sent a precise and factual discussion of
the technical findings and accomplishments during the reporting period,
The heading of the report will contain the heading information indicated
in paragraph 2a.

3. Technical Documents, The contractor will be required to furnish the
following technical documents:

a. All seismograms and operating logs, to include pertinent information
concerning time, date, type of instruments, magnifications, etc., as requested
by the AFTAC project officer.

b, Technical manuals on the installation and operation of all technical
equipment installed during the duration of the contract for this project,

c. Two sets of reproducible engineering drawings and specifications for
any changes or modificatioms in standard operational equipmert and instruments,
and for any new equipment designed, together with 2 sets of prints of these
same drawings,

5. Miscellaneous, DB Form 1423, Contract Data Requirement List is attached,
All technical reports and documents are to be forwarded to:

Hq USAF (AFTAC/VELA Seismological
Center/Maj Meek)
Wash DC 20333



AMENDED STATFMENT OF WORK TO BE DONE
AFTAC Project Authorization No. VELA T/5051

1. Tasks.

a. Under Task la, add: Assemble and operate 2 deep-well vertical
array systems at locations designated by the AFTAC project officer.
Each system will consist of up-to 6 sensors suitable for torehole use
and appropriate surface recording instrumentation., Ground handling
equipment, derricks, rigging, and instrument winching shall be easily
transportable between sites and capable of maximum flexibility in
field measurements operations.

b. Und:r Task ld, add: Develop, provide, and maintain an array
signal processing apparatus rapable of processing multiple data inputs
from borehole arrays. This processing apparatus must ultimately be
guitable for on-linc¢ operation and may be composed of digital as well as
analog components.

2, Reports., In lieu of the report requirements in paragraphs 2a,

b, ¢, d, and 3, provide monthly, quarterly, final, and speci2l reports
in accordance with sentence 1, paragraph 1 of Data Item S-17-12.0,
AFSCM 310-1; however, if that data item conflicts with Attachment 2,
Amendment 1, Project VT/5051, the latter will take precedence.

EPRODUGT“ﬁ{
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REPORTS
AFTAC Project Authorization No. VELA T/5051

1. Monthly Progress Reports. Monthly progress reports will be submitted
in 15 copies, commencing the 5th day of the secend month after the
effective date of the contract. The report will include identification
information as outlined in paragraph 3b, These reports will include but
not be limited to the following subject areas:

a, Technical Status,
(1) Major accomplishments,
(2) Prob.iems encountered,
(3) Future plans,
(4) Action required by the government,
(5) 1Illustrations and photogrephs, as applicable.
b, Financial Status,
(1) Expenditures to date,
(2) Man-months expended to date,
(3) Statement concerning overrun possibilities,
2, Quarterly Progress Reports, Quarterly progress reports will be
submitted in 50 copies and in accordance with the format established
for semiannual reports under Contract AF 33(657)~13668., The requirement:
for monthly status reports is to be deleted when quarterly reports are
submitted, Quarterly reports will be submittea by the 15 day following
the end of each quartei. Reports will include notices and iden:ification
information as outlined in paragraphs 3a and 3b, respectively. DD Form

1473, Documenc¢ Coutrol Data « R&D, will be attached to each report
(reference AFR 80-~29),

3. Final Report. The final report will be submitted in 50 copies not
later than 2 months after the contract period, Format for this report
will be in accordance with the final report format estabiished under
Contract AF 33(600)-43369., DD Form 1473, Document Control Data - R&D,
will be attached to each report (reference AFR 80-29), Report will
include the following:

a, Notices on the cover, first page, or title page as follows:

(1) Sponsored by: Advanced Research Projects Agency, Nuclear
Test Detection Office, ARPA Order No., 624,

Atch 1

S/h # 1 - AP 33(657)-13668
REPRODUCTION




(2) Availability: Qualified users may request copies of this
document from:

Defense Documentation Center
Cameron Station
Alexandria, Virginia 22341
(3) Acknowledgment: This research was supported by the
Advanced Research Projects Agency, Nuclear Test Detection Office,
and was monitored by the Air Force Technical Applications Center
under Contract AF 33(657)-13668,
b, Identification Tnformation:
AFTAC Project No. VELA T/5051
Project Title
ARPA Order lto. 624
ARPA Program Code No, 8100
Name of Contractor
Contract Number @
Effective Date of Contract
Amount of Contract

Contract Expiration Data

Project Manager's, Scientist's, or Engineer's Name and
Telephone Number

c. All seismograms and operating logs to include pertinent
informetion concerning time, date, type of instruments, magnification,
etc,, will be provided when requested by the project officer,

4, Special Reports.

a, Special reports of major events will be forwarded by telephone,
telegraph, or separate letter as they occur and should be included in
the following monthly report, Spec.fic items are to include, but are
not restricted to, program delays, program breakthroughs, and changes
in funrding rsquirements.

b, Special technical reports will be required for instrument
evaluations, project recommendation, and special studies when it is
more desirable to have these items reported separately from the
quarterly or final reports. Specific format, content, number of
copies, and due dates will be furnished by this headquarters.

2
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1. MASTEL SERIAL NO

JUN 10 365 5N -2827

CONTRACT CHANGE NOTIFICATION 2. CCN NO.
% : 1
1623 0 2. PAGE 1 OF 1 PAGES
+ To ) ] s FROM)
?fixciﬁgiiinéﬁié Corporaticn ASL (ASKS) Special Prejects Divisien
5::ia;é ”éx?e Directerate o Specialized Subsystems
. 3 teaad & quipment, Wright-Patterson AFB, Ohic
‘ . PURCHASE REQUEST NO. 7. CONTRACT NO. AND/OR PURCHASE ORDER NO. &, PROITERTY CLIASS

WK-5-RD-2103 IF 33(657)-13668 N/A

.any shipping paper, packing sheet, invoice,

9. Pursuant to the clauses of the contract relating to changes, the above named Contractor is hereby authorized and
directed to accomplish the changes listed below in respect to the articles called for under said contract as the same has
heretofore and may hereafter be amended; subject, however, to the terms and provisions set forth on the reverse side

hereof. Whenever both a purchase orde: wumber and a contract number are shown above, both numbers will be used in
correspondence, or related document, the purchase order number preceding

the contract number,
I. The Statement of Werk To Be Done, referred te in PART I is amended to include

work under Prcject Authorizatirn Ne. VELA T/5051/ASD/31 Amendment # ? dated 26 May
1965, as follows:

" Task lc of Project Autherization Ne. VEL. T/5051 is amplified to include
cperaticnal testing ¢f the deep-well seismersler on the ccean botterm in apprexinately
15,000 feet of water at locaticn designated by the AFTAC Project Officer,

" Four identical systems cf deep-well seismcmeters, cables, trausmitters, buoys
and anchors will be provided, cf which three {3) systems will serve as spares.

" This work shall be '..iclucded in reports required by basic contract.
" Work shall begin 1 June 1965 and be completed by 1 August 1965"

II. Tt is anticipated that inccrperation of the changes cited abeve will increase
the contract price by an estimated amcunt of One Hundre¢ and Twenty Thousand Dollars
(4120,000.00). Funds in the amcunt of One Hundred and Twenty Thousand Dollars
($120,000.00) are hereby obligated tc cover the estimated in:rease in price
resulting from this CCN. This cbligaticn is fer acdninistrative purposes cnly and
vill not affect tre right of either party to negotiate an equitable adjustment
according tc the provisions of the eclause pursuant to which this CCN is made.

IS £ LU T 196)

S RS |

FUND ALLOTMENT: 97X0400.1302 612), PSB1O 920F VI/5C51 S595600/591600

1"
Sffective Date: 26 May 1955 ?5)Y93
REY
27
10. DATE 11 w_/ﬂl AND SIGNATURE OF CONTRACTING OFFICER
26 May 1965
W. A. DALZR

uDaTiTé‘sm%TEBN 500 Ervay Street, Dallas, Texas 75201
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AMENDED STATEMENT OF WORK TO BE DCNE
AFTAC Project Authorization No. VELA T/5051

1. Tasks la, 1b, and that portion of Task lc pertaining to oceanbottom
testing, which have been completed, are deleted.

2. Task 1d and the rest of Task lc, which are still applicable, are retained
and enhanced by the following specific tasks:

a. Task le: Assemble and oper~te an easily transportable vertical-
array system employing 3 to 6 triaxial short-period deep-well seismometers.
Record deep-hole three-component data at deep-well sites to be designated
by the AFTAC Project Officer. Analyze the data obtained to dete rmine the
behavior with depth of the horizontal anu vertical components of signals and

noise.

b. Task lf: Continue developing techniques for improving signal/noise
ratios and detecting low-level signals by processing data from vertical-
borehole arrays of vertical and triaxial seismometers. Relate parameters
of the processing techniques to varying conditions of seismic noise. seismo-

graphic system characteristics, geological structure, and geographic location.

Frovide ard maintain an or.-line verticnl-array signal processing device and
field .est it at sites to be designated by the AFTAC Project Officer.

TR 67-3 app 1




APPENDIX 2 to TECHNICAL REPORT NO. 67-3

OFF-SHORE MEASUREMENTS PROGRAM VT/5051




28 July 1965
TO: MEMORANDUM

FROM: Richard M. Shappee

SUBJECT* Off-Shore Me.surements Program,
Ref. P-436, Project VT/5051

AB5STRACT

A deep-ocean seismograph was installed in tlie ocean approximately 200
nautical o iles ! off Cape Hatteras in water with a depth of approximately
2000 tathoms?. The seismograph consisted of: a Model 20171 seismometer
modifie to withstand high pressure and further modified to permit remote
mass locking, unlocing, and centering; a Texas Instruments RA-3 amplifier;
a voltage controlled oscillator; a telemetry transmitter; a programmed cali-
brator; and a seven-cenductor, deep-hole cable. Other portions of the
seismograph included a telemetry receiver, a discriminator, a Helicorder,
and a tape recorder. Four attempts were made to install the seisrnograph,
and the last attempt was partially successful.

INTRODUCTION

The Statement of Work to be Done of Project VT/5051 was : mended nn 26 May
1965 to include " .... operational testing of the deep-well seismometer on

tlie ocean bottom in approximately 15, 000 feet of water at locations to he
designated by the AFTAC Prcject Officer.'" In accordarce with the Project
Officer's recommendation, a simple system was designed and made ready for
measurements at sea on 19 June. This date was chosen so that measurements
might be made of explosions scheduled as pirt of the East Coast On-Shore Off-
Snore Experiment (ECOOE). The appendix shows the planned locations of
2xplosions and the locations at which we planned to install our equipment.

INSTALLATION OF EQUIPMENT

The design of the original system taken to sea is shown in figure 1. Figures 2
and 3 show block diagrams of the electronic equipment used throughout the work.

A vessel (R. V., rospector) was leased and set out from Newport News with
equipment and personnel on 17 June. The ship was on station on 18 June but
the initial installation was delayed by severe weathcr until 20 June 1965,

1 1 nautical mile = 1,853 kilometers
2] fathom = 1.828804 meters

TR 67-3, App 2
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Figure 1. First system, off-shore measurements
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MEMORANDUM
28 July 1965
Page 2

Difficulty was éxperienced in putting the fystem into the ocean. It was found
that the subsurface >10ys, chain, and anchor caused severe kinking of the
cable with resultant electrical shorts in the cable. The kinking was thought
to be caused by rotation of the subsurface buoys and tetrahedron and by
nontorque balance in the cable. Figure 4 iilustrates the type of kinking. A
seconc attempt was made to put the system into the sea, replacing the chain
weight with zinc coring weights. The cable kinked again and the ship and
equipment returned to port, arriving at Newport News on 24 June 1965,

Modificatior.s to the design were made. These included changing the cable
from 9.5 mn. to 11 mm in diameter, construction of an ocean bottom "'sled"
(figure 5) that was designed to stream into the ocean current. revision in
the surface buoy so that subsurface buoys were not required, and revisions
to the anchor weights to increase their Symmetry. The revisions were all
intended to minimize cable rotation. This system is shown in figure 6.

mechanical binding in the gear box. The system was raised to the surface
without having installea the surface buny and all equipment was recovered
except the sled and anchor. Tn order that the system might be at sea for the
resumption of the ECOOE sgtot program on 6 July, & duplicate sled had not
been constructed. It seemed reasonable to assume that if the system was not
adequate, redesig . would be required and a duplicate sled would be of little
value. The shif returned to port and a new sled was constructed. The loss
of time that reasulted from the return to Newport News to construct a new sled
did not great.y affect the recording schedule, as shots were not detonated
during most of this time.

bottom of the sled in the belief that the sled might more readily be installed
and retrieved. Additionally, a smaller anchor (39 kg) was used rather than
the 230 kg anchor used previously. As before, weak links were provided

between the cable and the seismometer, the seismometer and the sled, the

sled and the cable, and between the anchor and the cable. Figure 7 illustrates

some of the weak links,

Adverse weatner prevented installation of the System until 12 July. When
weather permitted, the system was lowered to bottom, the mass unlocked,
and preparations started to connect the cable to the buoy. With approximately
8-1/2 turns of cable remainiﬁng on the winch drum and 3290 fathoms of cable

I
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Sled being put over the side

Figure 5.
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MEMORANDUM
28 July 1965
Page 3

in the water, the T clamp was attached to the cable and secured with a doubled
length of 16 mm polypropylene line. When the load of the cable was partially
transferred to the 16 mm line, it appeared unsafe to continue to transfer the
load. Then a 25.4 mm nylon line with a breaking strength of 11,800 kg was
attached. With apprcximately 1/2 the load transferred to the nylon iine, it
was observed that the line was stretching excessively. Therefore, the load

of the cable at the T clamp was taken by a 13 mm steel rnpe attached to the
winch boom while a 16 mm steel line and swivel from the winch was prepared
tc take the load. The 16 mm line appeared safe and the signal line was dis-
connected at deck level oy breaking apart the connectors in the line. A

manila ''tag line" was used to hoid the clamp and signal line to the side of the
ship while the work proceeded. A tendency for the signal line to kink was
noted when it was slacked. The connector was made up to the buoy and the
system operated with the buoy on the ship's deck. A calibration was per-
formed and all appeared satisfactory. Next the manila tag line was released,
prior to lowering with the 16 mm line. Upon doing so, the signal line revolved
approximately 15 times at a high velocity. In doing so, the signal line was
geverely wrapped about the T clamp (figure 8), damaging the line. Since it
then appe: red impossible to respool the cable, it was decided to provide a
strain relief between the T clamp and the buoy so the signal line would not be
stressed and further damaged. The system was still electrically operational
at this time. Four strands of 16 mm polypropylene line were used and the

T clamp was lowered into the water while the buoy was lowered into the water
using a cargo boom. When the weight of the cable was supported from the buoy,
the 16 mm wire rope was cut. A line supporting the buny from the cargo boom
was cut and the system was then free of the vessel. Siriultaneously, the data
line failed electrically, undoubtedly from damage at the T clamp.

et

The installation of the system began at 1300 EDST and was finished the
following morning at 0300 EDST. Work was concluded at that time, with the
telemetry transmitter and the flasher on the buoy operational. The buoy
was kept in sifht throughout the night.

g i R Ul e ., (i B

At daylight, the ship was brought near the buoy and it was observed that the
ocean current was about 4 kt3 rather than 0, 8 kt expected and shown on charts.
This greater current probably increased the cable lcad fromi about 450 kg to
about 1820 kg. Figure 9 shows the buoy in the water. Note that both floats
are below water.

31 kt = 1 nautical mile per hour

-10-
TR 67-3, App 2
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MEMORANDUM
28 July 1965
Page 4

Because the signal c: hle was severely kinked and believed likely to break

at any time, no attempt was made to retrieve the buoy, cable, or gubsurface
equipment. If the cable ..2d broken during re-overy operations, it was possible
that the buoyant force of the buoy would propel it upward with a resultant
injury to personnel nearby. We were advised by the Captain of the Prospector
that no liability would result from leaving the equipment in the ocean.

RESULTS

The system operated from the time the cable was connected to the buoy until
the buoy was put in the water. The programmed calibrator was cycled sev-
eral times during this interval and ope rated satisfactorily. Although some
noise appears on the recordings that may be the result of movement of the

buoy while on the ship's deck, approximately 30 minutes of data were recorded
with the seismo neter on the ocean bottom. Figure 10 shows a portion of
recorded noise which is believed to be representative of the noise at the ocean

bottom,

CONCLUSIONS AND RECOMMENDA TIONS

1. The techniques developed during this work were, for the most part,
satisfactory.

2. Improvement must be .nade in the method by which the weight of the
cable is transferred from the ship and winch to the buoy.

3. Future installations will have a greater likelihood of success if they are
made at a location where the ocean currents have lower velocity.

-13-
1P 67-3, App 2
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MEMORANDUM
28 July 1965
Page 5

APPENDIX

The East Coast On-Shore Off-Shore Experiment was planned as a part of the
Transcontinental Geophysicat Survey. Figures 1 and 2 show scheduled shot
points and positions where the ocean bottom installations we re attempted.

= {8
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APPENDIX 3 to TECHNICAL REPORT NO. 67-3

EAST COAST ON-SHORE OFF-SHORE EXPERIMENT
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APPENDIX 4 to TECHNIC2 L REPORT NO, 67-3

DESIGN OF A DEEP-HOLE VERTICAL ARRAY




TECHNICAL REPORT NO, 65-3

DESIGN OF A DEEP-HOLE VERTICAL ARRAY

by

Richard M. Shappee

THE GEOTECHNICAL CORPORATION
3401 Shiloh Road
Garland, Texas

15 January 1965




IDENTIFICATION

AFTAC Project No: VT/5051

Project Title: Deep Well Research

ARPA Order No: 104-60

ARPA Project Code No: 8100

Contractor: The Geotechnical Corporation,
Garland, Texas

Date of Contract: 16 Suly 1964

Amount of Contract: $470, 150.0C

Contract No: AF33(657)-13668

Contract Expiration Date: 30 September 1965

Program Manager Richard M. Shappee, Garland, Texas

BR8-8102, Area Code 214
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DESIGN OF A DEEP-HOLE VERTICAL ARRAY

ABSTRACT

The design of a Deep-Hole Vertical Array was completed. The array was
designed in groups of three seismometers. As a result, the vertical array
can be operated with any multiple of three instruments.

The array used star dard deep-hole seismograph componerts and new corn-
ponents designed for use in the vertical array. These new components
included remotely operated line termination modules, motor-driven switches
added to the seismometers, a control mechanism to select desired functions
of the surface and subsurface equipment, special connectors, and handling
equipment.

Prelimirary tests indicated that the design of the array was satisfactory.
Detailed measurements made with the array will be required to demonstrate
its usefulness.

TR 65-3




DESIGN OF A DEEP-{OLE VERTICAL ARRAY

1. INTRODUCTION

This report discunses a project of research in deep-hole seismology. The
work reported herein covers the design of a deep-hole vertical array suit-
able for use at depths up to 3040 m.

The purpose of this report is to present the technical findings, accomplish-
ments, and design details of the vertical array. The report is submitted as
a special report in compliance with paragraph 2, Reports, of the Statement
of Work to be Done, Project VT/5051.

The body of the report is organized to first describe the basic system and
design philosophy, then describe the design details of the new components
required in the vertical array, and finally, describe operational tests of the
system.

The work done was authorized in the Statement of Work to be Done of
Project VT /5051 as Task la. The project was under the technical direction
of the Air Force Technical Applications Center (AFTAC) and under the
overall direction of the Advanced Research Projects Agency (ARPA).

Task la is as follows:

"a, Conduct systems engineering on deep-well instrumentation to
obtain a capability of operating up to six seismometers in a bore-hole
simultaneously. Evaluate the applicability of multiconductor data cable
with quick-disconnect features between instruments in a vertical array.

No major redesign of the deep-well seismometer is anticipated although
mass size may be reduced to meet size and weight limitations. Following
design approval by the government, assemble and conduct operational tests
on the recommended deep-well seismographic system. '

Our letter of 17 August 1964 (appendix 1) requested approval of our design,

as required in the Statement of Work. Approval was received on 21 Septem-
ber 1964 (appendix 2) and the comments of the Project Officer were carefully

TR 65-3 B 2




considered. As a result, the design of the system was modified to more
nearly fulfill the objectives set forth in paragraph 3 of appendix 2. Conse-
quently, the final design of the systen was somewhat different than that
described in appendix 1.

2, DESCRIPTION OF THE VERTICAL ARRAY,
MODEL 22625

Figure 1 illustrates the components of the vertical array. As shown, three
seismometers are operated on each of two cables. Each cable contains
seven electrical conductors. Each of the top two seismometers on each
cable has provisions for quick connecticn of two cables. Each of these
seismometers also has an assembly added to permit surface control of
subsurface switching of cable leads as required to perform calibration or
operation of the seismometers.

The holelocks used with each of the top two seismometers on each cable
were modified to use '""cams'' rather than the normal locking arms. This
was done so that the seistnometers could be locked at any position in the
casing rather than just at casing joints. The holelocks were further modi-
fied to guide the cables so they would not be damaged by the holelock cam.

The process of installing the seisrmometers in the hole may be summarized
as follows:

a. The seismometers are in the rack at the surface, ready for
installation.

b. The cable and connectors are reeled onto the winch, and the end
of the cable is threaded over the sheaves, ready to connect to seismometer
No. 1.

c. The cable is connected to seismometer No. 1; the instrument is
picked up from the rack and is lowered into the holc to a depth equal to the
separation desired between instruments. The cable is then clamped at the
well head to support the seismometer and cable weight.

d. The cable connectors are parted at the first joint and are connected

to seismometer No. 2. Seismometer No. 2 ie hoisted into the air, lifting
seismometer No. 1 and the cable clamp at the well head.

TR 65-3 -2-
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e. The cable clamp is removed at the well head, and seismometers
Nos. 1 and 2 are lowered until seismometer No. 2 has been lowered to a
depth equal to the separation desired between instruments.

f. These steps are repeated to rick up seismometer No. 3 and all
instruments are lowered to total operating depth.

g. All seismometers are locked into the casing with the holelocks..

By selecting the conductor leads in the deep-hole cable with the Array
Controller, Model 22500, Housing Assenibly, Model 22640, and Line Termi-
nation Module, Model 22834, each seismumeter is calibrated. After the
calibration is completed, the conductor leads are again switched to connect
the seismometers to the phototube amplifiers, so that all seismographs are
in operation.

3. DESCRIPTION OF THE COMPONENTS OF THE
VERTICAL ARRAY

3.1 CONTROL HOUSING ASSEMBLY, MODEL 22640

The control housing aczembly, figure 2, contains cable connector receptacles
and the motor-operated switch assembly showu in figure 3. The housing
assembly provides terminations for the cables at the seismometer, permits
remote selection of a given function of the seismometer, and electrically
connects the appropriate cable leads to the seismometer.

The switching function is accomplished by use of a motor-driven geneva
drive to rotate cams, which in turn operate Microswitches. The geneva
drive provides a long dwell time at each sawitch position in order that the
switch overation will be reliable. Sensing of the switch position is accom-
plished as described in paragraph 3. 3.

3.2 CABLE CONNECTORS AND ADAPTER

Figure 4 shows tome of the cable connectors used in the array. These
connectors are substantially smaller than standard deep-hole connectors.
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Adapter, Model 22520
Figure 4. Connectors
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short lengths and small diameters are essential because the connectors are
required to pass around sheaves and spool onto the winch drum. Figure 4
also shows an adapter that is used at the tops of four of the seismometers in
the array of six, (Schlumberger adapters are used on the bottom seismometer
of each group of three instruments.) The adapter functions as a fishing head
and weak link fcr the seismometer, in addition to providing electrical connec-
tions. If it is necessary to break the cable away from the seismometer while
at depth, screws at the top of the adapter will fail at a predetermined tension
and the inner assembly of the connector will pull out with the cable, leaving

an exposed, unobstructed fishing head.

3.3 ARRAY CONTROLLER, MODEL 22500

Figure 5 shows the Array Controller, Model 22500. This device is used to
control the functions of three seismometers; two array controllers are
necessary to control an array of six seismometers. The array controller
provides voltage to operate the motors in the Housing Assembly, Model 22640,
described in paragraph 3.1. The position of the switch in the housing assembly
is sensed by monitoring the current flowing in the motor circuit; resistors

are shunted across the motor at the various positions in its rotation, and the
current change is used to sense the position of the switch. The resistors are
isolated from the motor by a lov.-voltage zener diode; sensing of the motor
position may be accomplished without operating the motor by applying a voltage
less than the zener voltage and measuring the current through the resistors.
The array controller also contains switches to remotely operate the Line
Termination Modules, Model 22834, described in paragraph 3. 4.

3.4 LINE TERMINATION MODULE, MODEL 22834

Figure 6 shows the Line Termination Module, Model 22834. This unit pro-
vides termination for three signal circuits and is electrically equivalent to

three Line Termination Modules, Model 5874A, except that the free-period
function is relay contrclled, and a relay is provided to permit switching of

the signal lines to an external circuit rather than to the phototube amplifier.
The Model 22834 fits a Data Line Terminal, Model 7149, in the same space
as three Model 5874A modules.

3.5 OTHER COMPONENTS OF THE ARRAY

Appendix 3 lists all components of the array.

TR 65-3 -8-

o ——— e —————— e AN g e e P



TR 65-3

Array Controller, Model 22500

Figure 5.



TR €5-3

Figure 6.

Line Termination Module, Model 22834

-10-~

o

R i



4. INSTALLATION AND OPERATION OF THE VERTICAL ARRAY
AT GRAPEVINE, TEXAS, TEST SITE

4.1 OVER-THE-HOLE EQUIPMENT

The hole at the Grapevine test site (GV TX) was used to test the vertical
array. Because of the time schedule, only limited laboratory tests were
Performed on the individual components prior to the start of tests at GV TX.

The available facilities at GV TX included a 3040-m deep hole, two skid-
mounted winches and cables, a standard oil-field derrick over the hole, and
a building for maintenance and test work. A recording van from the Long-
Range Seismic Measurement Program, Project VT/4051, and surfzce
instrumen ation from that Project were availalkle.

The winches were used in Previous measurements at GV TX. The cable
conducfors are connected to the surface equipment through slip rings. The
slip rings do not contribute measurable noise to the system,

The derrick at the site was used for installation and operation of the vertical
array. In future installations, it would be possible to use some other over-the-
hole device, such as the Heavy Duty Tripod, Model 18770. Because the work
described in this report was largely experimental, the derrick was left in

Place and used in preference to a tripod.

As shown in figure 7, the derrick was modified to include a stand to hold
seven seismometers and a catwalk around the top of the rack. The details
of the stand are shown in appendix 5 If the derrick were not used, the
etand would be either attached to the tripod, if one were used, or would be
free standing onthe ground and guyzd as necessary.

4.2 LIGHTNING PROTECTION

Because of the large number of conductors required to connect between the
PTA location and the recording van, a Statiqn Protector, Model 7148, was

used at each end of the cables rather than individual protectors. Figure 8
shows the protector installed 2t the PTA building. This Protector, Model 7148,

is the same as that uscd at the recording van in a normal LRSM installation,

Cook Electric Protectors, Model 09, were used at the winches,
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4.3 SURFACE ELECTRICAL CABLES

Spiral-four cable was used for all surface wiring exposed to the weather.
Belden 8422 cable was used for all wiriny within the recording van and
amplifier building.

4.4 INSTALLATION IN THE RECORDING VAN

The rack-mounted equipment desygned for use with the array was installed

in the LRSM recording van wherever rack space was available. An additional
tape recorder was installed to provide recording channels at multiple levels.
In a routinely operated system, recording levels and/cr summations would
determine the number of channels required. In the experimental work at

GV TX, extra channels were recorded to provide maximum flexibility.

The control modules in the recording van were modified as shown in appendix 4.
The modification was made to allow tape recordings to be made at standard
levels while operating at higher-than-normal amplitude on film.

4.5 OPERATION OF THE VERTICAL ARRAY

Preparations at GV TX for operation of the vertical array started in November
1964. All necessary equipment was moved to the site in December and
operations started on“2]1 December 1964. Three seismometers were installed
in the hole on 13 January 1965. Figures 9 and 10 show seismograms recorded
with three seismometers in the hole.

The remaining three seismometers were prepared for installation the week

of 11 January 1965 but were not in operation at the time of this report
(15 January 1965).

5. CONCLUSIONS

The array, as designed, meets the requirements of the statement of work
and includes the suggestions of the Project Officer (appendix 2). The
installation of the array was accomplished at GV TX. No unexpected
difficulties were encountered during the installation.
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6. RECOMMENDATIONS

The array should be operated at GV TX for a period of time sufficient to
demonstrate its performance in a deep hole. After completion of work at
GV TX, the array should be installed at a quiet site to determine its useful-

ness in improving signal-to-noise ratio,
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17 August 1964
File No: 163 (13668)

HQ USAF (AFTAC/VELA Seismological Center)
Washington, D. C. 20533

Attenticn. Me2jor Robert A, Meek

Subject: Statement of Work, Project VT /5051
Task la, Design Approval

Gentlemen:

Th=2 subject Statement of Work requires that AFTAC approval be

obtained for the design of a system to simultaneously operate six

deep-hole seismorneters in a deep hole. We have started work on

this task and have reacked certain conclusions as to a practical

methoc that should yield satisfactory results. It is important that

the fundamental concepts be acceptable to AFTAC before additional i
work is undertaken. This is particularly important since we have

been asked to complete this work by 1 January 1965.

The approach we plan is substantially 2s outlined in our proposal, P-271,
dated 18 June 1964. That is, we propose to use one or more deep-hole
cables of the type used in our previous work and additional light-weight
cables. While special cables, with additional conductors could be used,

we do not believe this method is superio: when all factors are considered.
Specific problems that would be created would include a need for a winch
with a much larger cable capacity than is presently available, redesign

of the seismometer to permit passage of conductore to other seismometers,
a method of handling short lengths of interconnecting cable and difficulty

in changing separation of instruments.
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HQ USAF (AFTAC/VELA Szismological Center)
17 August 1964
Page 2

It should be pointed out that operation ol six instruments increases the
hazard of becoming stuck in the well, and that use of a single cable
could reduce this hazard, However, this factor alone does not offer
sufficient reason to use the single cable method.

We will undertake the development of the system at the Grapevine test
site where, as you know, a standard pumping derrick is available. We
plan to design our handling system around this derrick, and will plan
to use a similar derrick at any other well where we may operate six
instruments. These derricks are readily available and will in most
instances be less expensive than a special purpose tripod.

We would appreciate your comments and approval concerning the
Preliminary design steps described above. We believe the described

cable technique and the use of a derrick are justified and offer the

greatest liklihood of success in this work. If you have questions concerning
our plans or need further information, please contact the writer,

Very truly yours,

THE GEOTECHNICAL CORPORA TION

Richard M. Shappee
Program Manager

RMS/map
CC: J.C. Cook
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REPLY TO

DEPARTMENT OF THE AIR FORCE
HEADQUARTERS UNITED STATES AIR FORCE
WASHINGTON, D.C.

AFTAC/VELA Seismological Center

ATTN OF:
susecr. Design Aoproval of Task la, Project VELA T/5051 21 50P 1964

ro. The Gentechnical Corporation
ATTN; Mr, Shappee
P. O, Box 28277
Dallas Texas 752%8
1. Reference: 1ltr, Geotech, 17 Aug 64, Statement of Work, Project
VELA T/5051, Tasx la, Design Approval, |
2., The desigr. approach described in Proposal P-271 has again received
our review subsequent to your letter referenced above, Our approval is
given tr proceed in the manner indicated,
7, While we agree with using the technique stated in your proposal; as
a practical matter we desire that several other approaches be considered,
We do not propose any new redesign if other possible techniques are
proven to be logistically unsound or impractical, 1In our opinion, however,
an expensive and complex winching and hoist system using large derricks
would not be desirable in the ultimate field applications of a vertical
array, Our considerations must take into account the technique when
placed in close proximity with other types of seismographs, Therefore,
we request your attention also be given to feasibility studies using
other methods considered to be practical,
4, This letter does not constitute authority to perform work which is not
covered by the contract, Any questions concerning allowability of costs
or contract interpretation should be referred to the administrative con=-
tracting officer prior to incurring costs,

//'-"

; ( uALLL—-
NRYRT A. MEEK Copy to: DSCMD
MBjor, Usild
VELA Seismologlci! - nter
AF Techn!cal Applicami>v . “enter
DCS/Plans and Operations

Underwrite Your Country’s Might - Buy U.S. Savings Bonds
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APPENDIX 3 to TECHNICAL REPORT NO. 65-3

EQUIPMENT LIST, DEEP-HOLE VERTICAL ARRAY

Table 1. Subsurface equipment

Mfir or
Item Description supplier Model Qty
1 Dcep-hole seismometer Geotech 11167-1 6
2 Cable-head adapter kit Geotech 22452 2
3 Adapter assembly Geotech 22520 4
4 Holelock Geotech 13900 2
5 Holelock Geotech 13900-1 4
6 Control housing assembly Geotech 22640 4
[ Connector Geotech 22503 4
8 Connector Geotech 22504 4
3 9 Connector Schlumberger CIS B Z
. 10 Union joint assembly Geotech 22519 4
11 Cable AS&W TH4-TN A/R
Table 2. Over-the-hole equipment
Mfr or
Item Description supplier Model Qty
1 Sheave, 24 in. for 15/32-in. Any = 4
cable w/clearance for 1-1/4-in.
connector
2 Load cell 10, 000 1b rating Any = 2
3 Geose neck Any - |
4 Seismometer stand Geotech 22081 |
5 Derrick Any - 1
6 Line wiper for 2-15/32-in. cables Geotech 18894 1
7 T-clamp for 2-15/32-in. cables Geotech 18898 |

L TR 65-3, App 3 -1-




Table 3. Recording and control

Mir or

Item DescriEtiOn supplier
1 Array contrcller Geotech

2 Calibrator control Geotech

3 Motor and calibration control Geotech

4 Control module Geotech

Model

22500
18907
15956
5792A
(modified)

Additional equipment, such as recorders, and function generator,

furnished as part of LRSM recording van.

Table 4. Amplifiers and line termination

Mir or

Item DescriEtion supplier

1 Phototube amplifier Geotech

w/5 cps galvo

2 Line termination module Geotech

3 Station protector Geotech

4 Lightning protectors Cook

5 Filter Geotech

6 Power supply and cables Geotech

TR 65-3, App 3 T
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SCHEMATICS OF CONTROL MODULE, MODEL 5792A AND
MODIFIED CONTROL MODULE, MODEL 5792A
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Schematics of Control Module, Model 5792A and
Modified Control Module, Model 5792A
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SEISMOMETER STAND




- bl

puels I3)}2WOWSIAG

S
o E " - ) |
_ I X 1 ]
— - =
& ] i 1 I 3
ac =5y 1 1 1 =
* . w1 H » o b 4 s 2a |
-
4 » o
[
- Tt et il e h [S=taan ] iy
T = 2 7 . O 0 m
- & = 2

il:

TR 65-3, App 5




Unclassified
Security Classification
A=
DOCUMENT CONTROL DATA - R&D
(Seaurity cieeeitication of titie, bo’y of abetrect and indexing annotetion muet be entered when the overell rapor: je elaesilied)
1. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT BECURITY C LABSIFICATION
. e .. Unclassified
Teledyne Indus‘ries, Geotech Division ot

3401 Shiloh Road, Garland, Texas
3. REPORT TITLE

e e TR,

DEEP-WELL RESEARCH

4. DESCARIPTIVE NCTES (Type of report end Inclueive dates)

Final, Report, 16 July 1964 - 28 February 1967
%. AUTHOR(S) (Leot name, firet name, initial)

Shappee, Richard M,

Douze, Eduard J.

6. REPORT DATE = 74. FOTAL NO. OF rAGES 76. NO. OF REFS
ry 1967 170
8e. CONTRACY OR GRANT NO. sa ORIGINATOR’S REPORTY NuUMBENS)
AF 33(657)-13668
b PROJEET NO. Technical Feport No. 67-3
VELA T/5051
c. 8b. s'r.u::.”ro" NO(8) (Any other numbere that may be seeigned
d e

10. AVA L ABILITY/LIMITATION NOTICES

Qualified requesters may obtain copies of this report from DDC.

11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
HQ USAF (AFTAC/VELA

Seismeological Center)
Washington, D, C. 20333

13. ABSTRACT

A deep-hole array of slx short-period seismometers was tested at the test site near Grapevine, Texas {(GV-TX),
After a brief period of successful operatlon, half the a:ray was moved to the site near Apache, Oklahoma (AP-OK),
and the other half was moved to the site near Franklin, West Virginia (FN-WV). Various techniques were
employed to process the output of these arrays. The deep-hole test site (GV-TX) was maintained for testing
applications requiring the use of a deep hole, ircluding testing the triaxial seismometer and testing to determine

if a useful long-period response could be obtained from the Model 11167 deep-hole seismometer. The results
indicated it would require a complex and unstable system to provide a long-perlod response,

During the z9-month duration of this program, measurements were made in deep holes in West Virginia, Texas,
Utah, Oklahoma, and Pennsylvania. Additionally, an off-shore measurement program was undertaken,

The information from walls and suriace arrays was used to study short-period (6. 0-0. 3 sec period) noise and
signals. An attemp! was made to show that higher mode Rayleigh waves and body waves are preseat in the noise
by comparing theoretical curves with experimental results. It was shown that surface waves generally predomi-
nate at the longer periods while body waves appear at the shorter perlods at quiet sites. Not all data could be
interpreted to definc the wave types present. The short-period signals were analyzed both visually and digitally,
Signal atnplitudes at the surface were shown to be at least twice as large as at depth, The impulse response of
layered media ws: used to compute inverse filters which chaaged the waveform characteristics of the deep-hole
signals into those of the surface signals. Some preliminary work was done with the horizontal data obtained
from the triaxial seismographs,

A complets system, compused of four triaxial seismometers, a digital processor, and associated equipment,
was installed and operated at AP-CK. Data obtained from this array wer procested using optimum filtering
technlques. These techniques required the use of the inverse filters mentioned above and filters derived from
the Wiener least mean-square technique, Both single-channel and multichannel processes were employed;
however, the results nbtained to date indicated that a one-sid~d single-channel optimum filter was the most
effective processor.

DD .2 1473 Unclassified b

Security Classificition




Unclassified

Security Classification

KEY WORDS

LINK A LINK ® LINK C
RoLE wT ROLE wTr ROLE wY

Vertical array
Triaxial seiemographs
Optimum filtering
VT/5051

Signal processor

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Eater the over-
all security clessification of the report. Indicate whether
“Restricted Data’’ is included Marking is to be in sccord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200, 10 and Arme! Forces Industrial Manual. Enter
the group number, Also, whan applicable, show that optional
aarkings have been used ior Group 3 and Group 4 as author-
ized.

3. REPORT TI.E: Enter the compiete report title in all

capital letters. Titles in all cases should be unclassified.
If » meaningful titie cannot be selected without classifice-

tion, show title classification in all capitala in parenthesis
immediately following the title.

4. DESZRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, prograss, summary, annval, or final.
Give the inclusive dates when & specific reporting period is
covered.

S, AUTHOR(S): Enter the name(s) of suthor(s) as ahown on
or in the report. Enter last name, first name, middie initial
If military, show rank snd branch of service. The name of
the principal author is en absolute minimum requirement,

6. REPORT DATE: Enter the date of the report as dsy,
month, year; or month, year. 1f more than one dete sppears
on the report, use date of publication

7a. TOTAL NUMBER OF PAGES: The total page count
shouid follow normal psgination procedures, i.e., enter the
number of pages containing information.

7b. NUMBER OF REFERENCES& ZEater the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If sppropriate, ent<
the applicable number of the contract or grant under which
the report was written.

8/, 8c, & 8d. PROJECT NUMBER: Enter the appropriate
military department idantification, such as project number,
sutproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controiled by the originating sctivity. This number must
be unique to this report.

95. OTHER REPORT NUMBER(3): If the repo:t has been
assigned any other report numbers (eithor by the originator

or by the aponsor), also enter this sumber(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itstions on further dissemination of the report, other than those

* summary of the document indicative uf the report, even though

imposed by security classification, using standard statemenis
such as:

(1) **Qualified requesters may obtsin copies of this
report from DDC,’’

(2) *“Foreign announcement snd dissemination of this
report by DDC is not suthorized.”’

(3) “U. 8. Government agencies may obtain copies of
this report directly from DDC, Other qualified DDC
users shall requeat through

(4) *U. S. military agencies may obtain copies of this !
report directly from DDC. Other qualified users '
shall request through

’”
.

(3) *All diatribution of this report is controlied Qual- !
i‘ied DDC users ahall request through |

If the report has Leen furnished to the Office of Techiucal |
Services, Department of Commercas, for sale to the public, indi-
cate this fact and snter the price, if known.

1. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or 1aborstory sponscring (pay-
ing for) the research and develiopment. Include address.

13. ABSTRACT: Enter an abstract giving & brief snd factusl

it may also appear elsewhere in the body of the technical re-
port. If additional space is required, s continustion sheet shsll
be attached.

1t is highly desirable that the abstract of <lassified reports
be unclassified. Esch paragraph of the abstract shail end with
an indicaiion of the military security classification of the in-
formation in the parsgraph, represented as (TS). (S), (C), or (V).

‘There i3 no limitation cn the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. ZEY WORDS: Key words are technically mesningful terms
or short phrases that characterize ¢ report and may be used as
index entries for cataloging the report. Key words must be
selected so thst no security classification is required. Identi-
fiers, such as equipment model designation, trade name, militsry
project code name, geographic locstion, may be used as key
words but will be followed by an indication of technical con-
text. The aasigament of links. rules, and weights is optional.

GPO §06-287

Unclassified ’
Security Claasification

SR i . -



